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Artificial  Gravity  Assessment  Study 


This  section  assesses  the  STCAEM  reference  vehicles'  (CAB,  NTR,  SEP  and 
NEP)  adaptability  to  artificial  gravity  (ga).  Penalties  for  each  case  arc  presented  with  a final 
mass  comparison.  Human  factors  assumptions  for  the  study  are  based  on  historical  studies 
on  human  adaptability  to  artificial  gravity. 

The  CAB  configuration  employs  a planar  beam  armature  with  three  conductive, 
ribbon-section  tethers.  Communications  and  power  are  located,  despun,  at  the  CM  for 
constant  tracking  capabilities.  The  CAB  configuration  has  approximately  a 15  % mass 
penalty  over  the  p.g  version  because  of  the  added  components  and  propellant  required. 
Packaging  the  undeployed  rcel/crawler  mechanisms  requires  a slightly  larger  aerobrake  than 
for  the  |ig  case.  If  the  MTV  aerobrake  is  not  retained  (that  is,  for  non-reusable  mission 
scenarios),  a very  long  tether  system  (>  2 km)  is  required  on  the  return  trip. 

The  NTR  configuration  is  the  least  affected  by  artificial  gravity  requirements.  The 
main  change  in  the  artificial  gravity  configuration  is  a lengthened  truss  to  allow  a 56  m 
radius  to  the  transfer  hab.  The  drop  tanks  are  positioned  at  the  CM  so  that  the  center  of 
rotation  does  not  move  as  they  are  dropped;  no  deployable  truss  or  tether  is  needed.  The 
mass  penalty  for  the  NTR  artificial  gravity  vehicle  is  on  the  order  of  less  than  or 
equal  10  %. 

Artificial  gravity  for  continuous  thrust  systems  (SEP  and  NEP)  is  not  as  simple  as 
for  cryo  and  nuclear  thermal  systems  because  of  the  "spinning-while-thrusting"  problem. 
Either  high  power  spin-joints,  or  cross-product  engine  assemblies  tend  to  be  required.  A 
possible  solution  to  this  problem  is  to  fly  in  |ig  for  most  of  the  trip,  spinning  up  only  at 
mid-course  no-thrust  intervals  and  upon  arrival  at  Mars.  On  conjunction  class  missions, 
where  stay  times  at  Mars  are  up  to  600  days,  the  vehicle  can  be  spun-up  in  Mars  orbit  to 
recondition  the  crew  prior  to  landing.  7 SEP  and  2 NEP  options  have  been  evaluated, 
and  a new  concept  has  been  selected,  called  an  eccentric  rotator.  This  avoids  virtually  all 
ga  penalties  for  SEP,  but  still  requires  high-power  roll  rings  for  NEP.  Preliminary 
estimates  of  mass  penalties  for  EP  vehicles  are  of  order  5 %. 
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Cryogenic/Aerobrake  Vehicle 
Artificial  Gravity  Configuration 


The  CAB  artificial  gravity  configuration  uses  tethers  to  achieve  the  56  m spin 
radius  required  to  produce  lg  at  4 rpm.  This  rotation  rate  is  currendy  the  maximum 
thought  allowable  to  avoid  transient  vestibular  disturbances  for  most  people.  The  tethers 
used  are  conductive  tethers  to  simplify  the  mechanics  of  power  transmission  from  a despun 
photovoltaic  array  to  the  end-mass  vehicles.  The  tether  is  "ribbon"  shaped  to  reduce  the 
possibility  of  entanglement  during  the  reeling  cycles,  to  better  facilitate  "crawler" 
operations,  and  because  it  radiates  heat  (generated  rcsistively  during  power  transmission) 
better  than  a circular  cross-section  of  the  same  sectional  area. 

The  configuration  is  a planar  "beam"  arrangement  of  three  tethers,  with  crawlers 
and  despun  solar  array  and  communications  laser  located  at  the  CM.  The  MTV  propulsion 
system  is  split  symmetrically,  forming  a yoke  around  the  habitat  system.  This  allows  the 
habitat  system  to  be  detached  and  removed  simply  from  it  original  position.  Post-TMI,  the 
transfer  hab  separates  in  this  manner,  remaining  contiguously  connected  with  the  MEV;  the 
MTV  aerobrake  and  TEI  propellant  become  the  ga  countermass.  The  Mars  to  Earth 
configuration  uses  the  MTV  aerobrake  and  the  empty  TEI  propellant  tanks  as  countermass, 
which  necessitates  a longer  countermass  radius  to  maintain  a 56  m separation  between  the 
crew  systems  and  the  center  of  rotation  (CM).  In  a nonreusable  scenario,  the  MTV 
aerobrake  is  jettisoned  at  Mars;  this  saves  TEI  propellant  but  requires  a much  longer 
countermass  tether  radius  for  the  return  trip:  over  2 km. 

The  crawler/mast/power  assembly  at  the  CM  includes  deployable  trusses  that 
separate  the  tethers  into  the  wide-beam  spin-configuration,  yet  package  tightly  for  stowage 
beneath  the  MTV  habitat  system  for  p.g  mission  phases  (including  aerobraking).  The 
solar  array  and  the  communications  laser  are  on  despun  joints  for  independent  tracking  of 
the  sun  and  Earth.  The  crawler  mechanism  is  divided  into  two  sections,  so  that  one  section 
can  always  be  at  the  CM  to  support  the  deployable  truss  and  the  tether  while  the  other  is 
performing  its  transportation  function.  Each  crawler  has  small  solar  arrays  for  its  motive 
power.  When  stopped  at  the  CM,  each  crawler  contacts  exposed  portions  of  the  aluminum 
conductors  inside  the  tethers,  to  transfer  power  from  the  solar  array  to  the  end-mass 
vehicles. 
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The  ga  CAB  mass  penalty,  when  compared  to  a reusable  |ig  version,  is 
~ 15  %,  because  of  the  hardware  and  spin-up/down  propellant  required  to  support 
artificial  gravity  operations.  Accommodating  the  tether  reel,  crawler,  solar  arrays,  and 
communications  laser  below  the  transfer  habitat  requires  a 32  m aerobrake,  slightly  larger 
than  the  30  m baseline  CAB  brake.  Technology  penalties  include  accessible-conductor 
tethers,  and  rotating  joints  for  the  solar  array  and  communications  laser.  Operations 
penalties  include  maintenance  of  the  mechanical  systems  required  for  ga,  and  the  EVA 
complications  associated  with  using  tether  crawlers  for  end-to-end  mobility. 
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ga  Cryo/All  Configuration 
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Cryo/AB  Configuration 
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Art-g  (1-g)  Chem/aerobrake  Vehicle  for  the  2015  Opposition  Mission 

4 RPM  tether  sys,  4 spinup/down  maneuvers,  Crew  of  4,  ECCV  return,  565  day  total  trip  time 
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Artifical  -g  system  weight  penalties  all  masses  in  kg 

Earth  aerocapture  configuration  shown  in  diagram 
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TMI  stg  - MTV  for  Artificial-g  (1-g)  2015  Chem/Aerobrake  Veh 

4 RPM,  4 spinup/down  maneuvers,  ECCV Return,  4 x 200k  Wf  adv  eng's:  Isp  = 475 
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synthesis  model  run  ffmarschemmtv.dat; 3 3 
Mac  chart  M I -g  TMI  wt  rationale 
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Conductive  Tethers 
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Conductive  Tether  Properties 
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Cryo/AB  Vehicle  Features 
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Cryo/AIi  Tether  Deployment  Scenario 


Reverse  scenario  after  TEI  using  MTV  AD  and  propellant  tanks  as  countermass  to  transfer  habitat 
Alternative 

Deploy  tether  to  twice  intended  length,  small  AV  for  rotation,  then  reel  tether  to  nominal  Icnotli 
- saves  propellant,  but  Increases  tether  mass  6 


8a  Cryo/AU  "Crawler/Masl"  Conriguraliun 
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Cryo/AB  "Crawler/Mast"  Configuration 


Collapsed  Configuration 


6a  Cryo/AB  Packaging  Configuration 
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Comm  Laser 


Tether  Crawler  Configuration 
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f ether  Crawler  Configuration 
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Cryo/AB  Mass  Statement 
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Cryo/AB  Penalty  Assessment 
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• Spin-up/spin-down  cycles 

- Mid-course  correction  problems 
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Nuclear  Thermal  Rocket  Vehicle 
Artificial  Gravity  Configuration 


The  NTR  artificial  gravity  (ga)  configuration  looks  exactly  like  the  |ig 
configuration,  except  longer.  A rigid  spinner,  it  uses  the  crew  systems  as  one  end  mass 
and  the  reactor/engine  as  the  other.  The  vehicle  rotates  nominally  at  3.98  rpm  outbound 
(56.5  m to  create  lg)  and  3.83  rpm  inbound  (61  m to  create  lg).  The  truss  used  is 
similar  to  that  in  the  pg  configuration,  but  actually  carries  weight  in  the  induced  gravity 
field.  The  spin  radius  of  the  habitation  system  is  practically  constant  with  mission  phase 
because  the  Earth  departure  and  Mars  arrival  drop-tanks  are  located  at  the  vehicle  CM. 
Four  spin-up/spin-down  cycles  are  presumed  for  the  nominal  mission  case. 

The  NTR  vehicle  concept  is  the  most  amenable  to  adaptation  for  artificial  gravity  of 
any  of  the  reference  vehicles,  because  its  |ig  and  ga  manifestations  are  so  similar.  Only  a 
longer  (perhaps  stronger)  truss,  added  RCS  and  TMI/TEI  propellant,  and  despun 
mountings  for  power  and  communication  systems  are  required. 
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NTR  Vehicle  Features 
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NTR  Configuration 
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NTR  Mass  Statement 
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Crew  liab  mod  - MTV  for  2005  Conj  Art-g  (Mars-g)  NTR  Veh 

Art-g  [Mars  g],  Crew  of 6 , 983  day  total  trip  time  6/5/90 
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Mars  dep  & Earth  capt  stages  - 2005  Conj  Art-g  (Mars-g)  NTR  Veh 

14%  tank  fraction,  3%  cooldown  penalty,  2%  prop  margin,  Isp  = 925  sec  615190 
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|572]  Combined  Mars  capt  A Mars  dep  64480  Total  for  * Mars  caplure/Mars  dep/Earlh  an  lank  set  * at  time  of  TMI  bum 
A Earth  air  tank  set  A prop  load 
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ga  NTR  Penalty  Assessment 
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Solar  Electric  Propulsion  Vehicle 
Artificial  Gravity  Configuration 


The  solar  electric  vehicle  (SEP)  artificial  gravity  (ga)  concept  presents  complications 
not  present  in  the  lower-performance  propulsion  concepts.  For  full-fledged  ga  conditions, 
EP  vehicles  pose  the  problem  of  spinning  while  thrusting.  [An  alternative,  operational 
solution  may  be  to  fly  (ig  for  most  of  the  trajectory,  spinning  only  during  the  midflight 
coast  intervals  (25  to  60  days)  and  upon  arrival  at  Mars.  For  STCAEM  purposes, 
however,  it  is  essential  to  pursue  the  outcome  of  a vehicle  required  to  provide  artificial 
gravity  for  the  entire  flight.]  Because  the  thrust  vector  must  average  tangential  to  the  flight 
path,  the  fundamental  configuration  trade-off  is  between  rotating,  high-power  transfer 
assemblies  (for  the  spin  vector  normal  to  the  ecliptic)  and  spin-vector  precession  (for  any 
other  orientation). 

Of  the  many  possible  configuration  options  identified  by  STCAEM,  the  one  was 
chosen  that  is  similar  both  to  the  |ig  SEP  and  to  the  NEP  ga  concept  This  configuration 
concept,  called  an  eccentric  rotator,  avoids  tethers,  complex  extendible  booms  or 
deployable  trusses.  All  components  are  rigid  and  the  design  is  simple. 

The  fundamental  concept  is  that  the  large  solar  array  is  split  in  two,  leaving  a gap  or 
slot  within  which  spins  a rigid  boom  supporting  the  habitable  systems.  The  optimal  shape 
of  the  two  solar  array  halves  has  not  yet  been  determined.  A single,  double-ended  slipring 
assembly  (which  transmits  only  habitation-system  power  levels)  is  used  to  despin  the 
vehicle  bus.  No  deployment  mechanism  is  required  to  change  the  habitat  system  separation 
when  the  MEV  mass  is  lost.  Instead,  the  rotation  rate  is  adjusted  to  provide  lg  in  the 
center  of  the  long-duration  habitat,  according  to  the  habitat’s  actual  separation  from  the 
current  vehicle  mass  center,  which  shifts  after  MEV  operations.  Thus  the  mass  center  is 
not  necessarily  axially  aligned  with  the  engine  outrigger  or  geometric  center  of  the  solar 
array,  although  it  always  remains  at  the  zenith  relative  to  the  habitat  floors.  When  the  mass 
center  is  not  along  the  outrigger  axis,  the  outrigger  and  solar  array  also  orbits  the  mass 
center.  The  engine  assemblies  therefore  trace  out  circles  as  they  thrust,  although  the  thrust 
vector  orientation  remains  fixed.  For  low-thrust  systems  in  particular,  this  is  expected  to 
cause  no  problems.  The  solar  array,  main  structure  and  engine  assemblies  are  used  as  the 
countermass  to  the  crew  systems. 
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Artificial  Gravity  for  Continuous  Thrust  Systems 
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Solar  Electric  Propulsion  Vehicle 
Option  2B 
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• Long  tether  (~4  km) 

• Single  thruster  pod 

• 8 solar  arrays  - "fan"  deployment 

• I hrusters  and  arrays  contiguous 

• 50%  truss  savings  over  option  2A 
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Solar  Electric  Propulsion  Vehicle 

Option  4 
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Solar  Electric  Propulsion  Vehicle 

Option  5 
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Nuclear  Electric  Propulsion  Vehicle 
Artificial  Gravity  Configuration 


The  nuclear  electric  vehicle  (NEP)  artificial  gravity  (ga)  concept  presents 
complications  not  present  in  the  NTR  and  CAB/CAP  concepts.  For  full-fledged  ga 
conditions,  EP  vehicles  pose  the  problem  of  spinning  while  thrusting.  [An  alternative, 
operational  solution  may  be  to  fly  |ig  for  most  of  the  trajectory,  spinning  only  during  the 
midflight  coast  intervals  (25  to  60  days)  and  upon  arrival  at  Mars.  For  STCAEM 
purposes,  however,  it  is  essential  to  pursue  the  outcome  of  a vehicle  required  to  provide 
artificial  gravity  for  the  entire  flight]  Because  the  thrust  vector  must  average  tangential  to 
the  flight  path,  the  fundamental  configuration  trade-off  is  between  rotating,  high-power 
transfer  assemblies  (for  the  spin  vector  normal  to  the  ecliptic)  and  spin- vector  precession 
(for  any  other  orientation). 

Of  the  many  possible  configuration  options  identified  by  STCAEM,  the  one  was 
chosen  that  is  similar  both  to  the  |ig  NEP  and  to  the  SEP  ga  concept.  This  configuration 
concept,  called  an  eccentric  rotator,  avoids  tethers,  complex  extendible  booms  or 
deployable  trusses.  All  components  are  rigid  and  the  design  is  simple. 

The  fundamental  concept  is  that  the  spine  of  the  |ig  NEP  configuration  is 
intersected  orthogonally  by  a lightweight,  symmetrical  engine  outrigger.  The  ion  engine 
assembly  is  split  between  the  two  ends  of  this  outrigger,  and  these  are  despun  from  the  rest 
of  the  vehicle  so  as  to  remain  properly  oriented  for  thrusting  throughout  the  flight.  No 
deployment  mechanism  is  required  to  change  the  habitat  system  separation  when  the  MEV 
mass  is  lost  Instead,  the  rotation  rate  is  adjusted  to  provide  lg  in  the  center  of  the  long- 
duration  habitat,  according  to  the  habitat's  actual  separation  from  the  current  vehicle  mass 
center,  which  shifts  after  MEV  operations.  Thus  the  mass  center  is  not  necessarily  axially 
aligned  with  the  engine  outrigger,  although  it  always  remains  at  the  zenith  relative  to  the 
habitat  floors.  When  the  mass  center  is  not  along  the  outrigger  axis,  the  outrigger  also 
orbits  the  mass  center.  The  engine  assemblies  therefore  trace  out  circles  as  they  thrust, 
although  the  thrust  vector  orientation  remains  fixed.  For  low-thrust  systems  in  particular, 
this  is  expected  to  cause  no  problems.  The  reactor/power  assembly  along  with  the  primary 
radiators  are  used  as  the  countermass  to  the  crew  systems  and  the  secondary  radiators. 
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ga  Nuclear  Electric  Propulsion  Vehicle 
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• Shield  shaped  to  reflect  vehicle  geometry 

Roll-ring  vs.  slip-ring  vs.  liquid-metal 

hearing  • Configuration  pre-adapted  for  multiple 

MEVs 


ga  NEP  Concept  Development  Details 


V 


D615- 10026-1 


622 


D615-10026-1 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


This  page  intentionally  left  blank 


D615-10026-1 


624 


'STCAEM/sdc/080ct90 


This  page  intentionally  left  blank 


D615-10026-1 


628 


Artificial  Gravity  NEP  Mass  Statement 
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Trip  Time  = 520  days,  alpha  = 7.4  kg/kW 
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MTV/MEV  Mission  Scenarios 


This  section  shows  several  items  that  must  be  considered  in  mission  scenarios  to  define 
unified  requirements  for  a complete  mission;  that  is  coordinating  the  operations  of  the  MTV 
and  MEV,  particularly  those  areas  that  arc  of  concern  to  LEVEL  II . 

The  difficulty  of  a mission  is  defined  by  several  factors.  This  includes  the  time  frame  the 
mission  is  to  be  conducted;  the  physical  positioning  of  the  planets  driving  the  degree  of 
difficulty  to  reach  and  return  from  Mars.  The  total  mission  AV  ( change  of  velocity)  is  a 
good  indication  of  the  physical  "cost"  of  the  mission.  Shown  here  are  full  mission 
contours  for  two  conjunction  class  missions  (2010  and  2013)  for  the  given  staytimes  at 
Mars  . The  x-axis  is  in  Julian  date  245XXXX.  The  y-axis  is  in  trip  time,  inbound  or 
outbound,  in  days.  The  AV  minimnms  show  clearly  on  the  contours. 

Arrival  at  Mars  must  also  be  taken  into  account  as  when  the  S-vector  ( return  trajectory 
vector)  may  be  out  of  plane  and  the  true  anomaly  is  not  close  to  periapsis  to  impose  a 
sizable  AV  penalty  to  acquire  the  trajectory  home.  These  will  be  functions  of  the  orbit 
period  and  inclination.  The  information  given  is  for  the  2010  Conjunction  mission  shown 
in  the  preceding  chart.  To  further  the  evaluation  the  position  of  the  periapsis  with  respect  to 
the  surface  ( defines  access  to  the  surface)  and  the  lighting  angle  at  periapsis  ( daylight  or 
night  landing)  must  be  identified.  For  this  case  a capture  period  of  10  hrs.  gives  a minimum 
departure  AV  of  approximately  1.2  km/sec  for  a 30  degree  inclination  orbit,  an  S-vector  out 
of  plane  by  >2  degrees,  a true  anomaly  off  of  periapsis  by  - 10  degrees  (minimum) , a 
periapsis  latitude  of  -30  degrees  north  ( out  of  the  expected  permafrost  region  on  the 
planet),  with  a periapsis  lighting  angle  of  + 40  degrees  ( daylight).  This  means  that  the 
capture  is  in  daylight , an  abort  possibility  exists  that  is  easily  accessible,  and  the  craft  is 
positioned  over  areas  of  interest  on  the  surface. 

Once  on  the  surface  the  propellant  choice  made  for  the  lander  and  the  length  of  surface  stay, 
dirtat*  the  weight  of  the  lander.  In  the  case  shown,  a minilander  capable  of  reaching  a 250 
km  orbit  was  used  to  trade  the  weight  of  the  vehicle  for  the  type  of  fuel  used.  Both  storable 
and  cryogenic  fuels  were  employed  and  the  cryogenic  systems  accounted  for  the  boiloff 
and  the  extra  decent  propellant  needed  to  land  the  boiloff  propellant  Even  at  600  day 
staytimes  with  boiloff  considered,  the  cryogenic  systems  trade  favorably  with  the  storables. 
However,  since  the  atmosphere  of  Mars  is  present  the  cryogenic  systems  must  be  vacuum 
jacketed  and  have  abort  procedures  in  case  of  an  atmospheric  leak  in  the  jacket  which 
would  permit  C02  ice  to  form  around  the  tank. 

The  values  for  the  boiloff  were  generated  by  using  an  in  house  Boeing  program  to 
ratmiaw  the  boiloff,  and  boiloff  rate  for  various  sizes,  with  or  without  MU,  vapor  cooled 
shigMg.anH  pera-to-ortho  conversion  of  hydrogen.  This  same  program  was  used  to  predict 
tank  properties  for  an  External  Tank  (ET,  current  Shuttle)  sized  volume  and  the  resultant 
tank  masses  and  tank  fractions  for  use  in  weight  estimations  for  cryogenic  propellant 
systems  on  all  vehicles. 
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2010  Conjunction 

S Vector  and  True  Anomaly  vs  Parking  Orbit  Period 
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2010  Conjunction  Mission 
Orbital  Parameters  vs  Parking  Orbit  Period 
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landing  sites  between  5*  south  to  greater  than  20’  north  latitude. 


2010  Conjunction 
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Mars  Minilander  Propellant  Trade 
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Aerobrake  Summary 


This  section  is  a summary  of  Aerobrake  related  information  as  it  pertains  to  the  Boeing 
work  on  the  STCAEM  contract  managed  by  the  NASA  Marshall  Space  Flight  Center.  This 
summary  addresses  the  aerobrake  analyses  categorized  as  geometric  configuration  for 
capture  and  landing,  Mars  atmosphere  knowledge  uncertainty  impacts  on  GN&C,  design 
configurations  for  reducing  heating  rates  and  loads,  landing  flight  mechanics  for  range  and 
crossrange  requirements,  structural  techniques  for  reducing  weight,  and  integration  of 
technology  to  meet  overall  mission  goals.  The  aforementioned  categories  will  be  covered 
in  four  sections:  Aerocapture,  Heating,  Structure,  and  Ascent/Descent. 

Aerocapture  - Critical  GN&C  related  aerocapture  issues  are  line-of-apside  control  and 
apoapsis  altitude  control.  Aerocapture  analyses  results  included  in  this  summary  show  the 
following: 

* Asymmetric  roll  with  a finite  rate  provides  improved  line  of 
apsides  control. 

*A  guidance  system  designed  for  a low  density  atmosphere 
needs  to  be  optimized  for  other  atmospheric  conditions. 

* Using  MarsGram,  a one  sigma  density  change  results  in  a 
large  difference  in  density  variation  between  day  and  night. 

* The  guidance  system  (as  related  to  aerocapture  exit 
conditions)  is  more  affected  by  large  (wavelength  > 1000  km) 
horizontal  sine  wave  density  variations. 

* A larger  vertical  wavelength  (on  the  order  of  20  km)  sine 
wave  density  induces  a lesser  error  than  a smaller 
vertical  wavelength  (on  the  order  of  5 km)  sine  wave 
density. 

Heating  - Mars  aerocapture  heating  analyses  results  are  given  for  stagnation  point  heating 
and  for  some  choices  of  stream  line  point  heating.  Heating  analyses  results  included  in  this 
summary  indicate  the  following: 

* For  the  Mars  aerocapture  MTV,  the  stagnation  point  heating 
rate  resulting  from  averaged  lift-down  L/D  is  lower  than  the 
heating  rate  for  average  lift-up  L/D. 

* Under  similar  conditions,  the  heating  loads  follow  the  same 
trend  as  the  stagnation  point  heating  rate. 

* Along  the  center  streamline  of  the  hyperboloid  aerobrake  the 
predicted  radiative  heat  transfer  rate  at  Mars  using  the  Park 
method  is  approximately  two  times  that  using  the  Tauber- 
Sutton  method. 

* The  total  heating  rates  at  the  stagnation  point  with  Park 

(146  w/sq  cm)  and  Tauber-Sutton  (80  w/sq  cm)  are  higher  than 
the  near  term  (1993)  radiative  material  capabilities  of 
approximately  70  w/sq  cm. 
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* For  an  averaged  L/D  = 0.5  the  stagnation  point  heating  rate 
for  Mars  aerocapture  is  146  w/sq  cm;  Earth  aerocapture 
heating  rate  is  172  w/sq  cm. 

* The  local  Reynolds  number  along  the  aft  streamline  of  the 
30m  body  does  not  exceed  10E6. 

Structures  - Structural  analyses  results  demonstrate  weight  savings  and  strength 
improvements  through  advanced  composites  application  and  through  spar  design 
advantages.  Included  structural  analyses  results  depict  the  following; 

*Spar  and  truss  configurations  were  developed  for  the  30 
meter  aerobrake  concept 

* For  the  spar  configuration  and  with  current  technology,  the 
(81  mt  payload)  weight  estimate  is  41.5  klb  and  the  MTV 
(153  mt  payload)  estimate  is  66.3  klb. 

* Improved  material  characteristics  (200  ksi  vs  105  ksi  span 
strength)  reduces  configuration  weight  by  greater  than 
15%. 

* Mass  savings  of  30%  may  be  achieved  by  improved  spar 
design  and  advanced  materials  characteristics. 


Structures  - (cont.) 

* The  truss  configuration  provides  a 15%  weight  savings 
compared  to  the  spar  configuration. 

Ascent/Descent  - No  ascent  related  information  is  discussed  in  this  version  of  the 
IP&ED;  a forthcoming  update  will  contain  a discussion  of  ascent  related  data. 

Descent  trajectory  analyses  results  point  to  L/D  requirements  related  to  landing  site 
accessibility  issues.  Included  descent  trajectory  results  include  the  following; 

* For  MEV  with  L/D  = 1 and  descent  inclination  of  45  degrees,  a 
displacement  in  latitude  of  30  degrees  may  be  achieved. 

* An  increase  in  L/D  from  0.5  to  1.0+  extends  the  range  by 
approximately  50%. 

* An  aerofiare  reduces  the  ideal  delta  velocity  required  for 
landing  by  200  to  300  m/sec  (L/D  = 1). 
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AeroDraking:  An  interdisciplinary  Effort 
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Coordination  among  many  specialties  is  required 
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HIGH  L/D  AEROBRAKE 
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STCAEM  Aerobraked  Vehicles  Comparison 
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STCAEM  Aerobraked  Vehicles  Comparison 
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Aerobrake  Capture  and  Landing 


Velocity  (Km/s) 
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Stagnation  Pohu  ucaung  ivai.cS 

Mars  Aerocapture  - MTV 
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Mars  Aerocapture  Stagnation  Point  Heating  - MTV 
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e*  ocapbu're  stagnation  jroint 
Heating  - MTV 


Maximum  Total  Heat  Flux 
at  120  sec 
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Streamlines  for  Hyperboloid  Aerobrake 


<iHM/2HB95/AEROBRAKE  STUDY/DISK  2/K/l 4 1 0/7:OOA 


The  following  three  charts  show  the  pressure  distribution  along  the 
fore  , aft,  and  side  streamlines  based  on  a modified  Newtonian  theory 
and  unswept  cylinder  theory  for  the  cylindrical  lip. 
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SYSTEMS 


Aft  Centerline  Pressure  Distribution 


(iRM/2H895/AEROBRAKE  STUDY/DISK  2/M/141  0/7  00A 


Side  Streamline  Pressure  Distribution 


1 1 GRM/2H895/AEROBRAKE  STUDY/DISK  2/N/MI  0/7:00A 


The  following  chart  delineates  the  aerothermal  conditions  at  the 
stagnation  point  for  maximum  heating  along  the  aerocapture  trajectory. 
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Contritions  at  Maximum  Stagnation  Point 

Heating 
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Side  Streamline  Heating 
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iviai  s Aerocaplure  i rajeelory 
C3  = 30  km2 /sec2 


MarstjltAM  I Density 
(2016  Winter  Solstice) 
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MarsUllAM  High  Density 
(2016  Winter  Solstice) 
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Mars  Aerocapture  Comparison  C3  30  & 50 
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Apoapse  error  (km)  Argument  of  periapse  error  (cleg) 
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Specific  Strength  of  Materials 


400  500 

Temperature  (C) 


High  L/D  Aerobrake  Temperature  Distribution 
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High  L/D  Aerobrake 
Temperature  Distribution 
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to  Valles  Marineras  floor); 
Felis,  Melas  and  Solis 
Dorsii,  crater  (unnamed) 
with  rills/flows.  Las  sell 
Crater,  Coprates  Catena 
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Mialbatanu , Simud,  and  Tiu  Valles, 
end  of  Ares  Vallis,  craters,  colored 
sands 
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Reusable  MEV;  Ascent  - High  Density 
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Inclination  = 2.31* 

Argument  of  periapsis  = 245* 
Hight  ascension  = -0 .65* 


Reusable  MEV;  Ascent  - Average  Density 
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lowfield  Analysis  Assiimpli 
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Mars  Aerobrake  Temperature  Distribution 


Jet  - Surface  Interaction 
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Reynolds  Numbers  (based  upon  jet  exit  velocity  and  W)  = 16,000 


Jet  - Surface  Interaction 


Jet  - Surface  Interaction 
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Jet  - Siii  lace  Interaction  Velocity  Contour 
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High  L/D  Reusable  MEV  Configuration 


— O _ 

12  5 -C  c 

co 


OX) 


ec  ~ ~ 

C u-  w "O 

•>L  o 5 c 

CO  fa.  <5  — 

O.  ea  _ - 

■s  s S| 
si's  « 

.5  ~ c v 

■g  S .2  * 

•2*o*S5  2 
£ « o „ 

I c*g  5 

«i  2jj 

c w > ~ 
O >>  p CO 

” o < 

o « 


2 * 


3)  g £ « 

**-•  w O -sT 

S -o  obJ2  ^ 
® e e ~ -O 


® w •§  CC  o 
•2  Q,  4)  CO  -O 

5 Mit 


S) « s « 

0.0  ? 

^ o 

0 £ ® .3  ts 

,C8  fa.  S 
>*.©  g SO 

•5  ^ o.~  JS 

- jj  « ...  - 

§•§“  §| 

1 1*8  js*  a 
i xi  ^ 2 E 

60  « ±S  ^5 
.2  sg  .2  «j 

£23  "O  X)  g S3 

S£“^ 

« TJ-  « O - 

■2  V *«  ^ S 

i « g-l?  .*s 

o «o  E * »2 
U ea  « c > 

e 2 «>  | * 

SjBS|  g 

.®P  > « 2 o 

•2  isf  i 

£■ S-Ssif 

rw>  bs 


P615-  0025-1 


806 


a 


! 

WD  5 

a| 


D615- 1 0026-1 


807 


/STC  A EM/sdc/ 1 2 J unc90 


DS15-100V.6-1 


808 


Reusable  MEV  Sensitivities 
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Bi-Conic  Lander/Habitat 
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CONTRACT  NO.: 
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PREPARED  FOR: 

Boeing  Aerospace  and  Electronics 

INTRODUCTION 


The  intent  of  this  technics]  note  is  to  document  s bsse  besting  environment  for  the 
Boeing  Msrs  hyperboloid  serobrske  (L/D  » 0.5).  The  spprosch  used  in  this  snslysis  wss 
to  develop  sn  empirics!  method  for  cslculsting  the  convective  hesting,  rsdistive  hesting, 
snd  wske  closure  sngle. 

A side  view  of  the  Msrs  transfer  vehicle  serobrske  is  shown  in  Fig.  1 . The  equstion 
of  the  hyperboloid  is  provided  with  this  figure.  A top  view  of  the  MTV  serobrske  is 
provided  in  Fig.  2. 

The  trajectory  snslyzed  is  sn  serocspture  trajectory  in  the  Mars  stmosphere.  The 
trajectory  dsta  provided  by  Boeing  included  the  time,  altitude,  velocity,  free-stream 
temperature,  free-stream  pressure,  and  free-stream  density.  The  convective,  radiative, 
and  total  heat  rates  at  stagnation  conditions  on  the  front  surface  of  the  aerobrake  were 
also  provided.  The  methodologies  in  this  study  were  developed  using  the  trajectory 
conditions  occurring  at  the  times  of  highest  heating.  The  trajectory  data  for  the  times  of 
peak  heating  is  included  in  Table  1.  In  addition  an  altitude  versus  velocity  plot,  of  this 
trajectory  is  provided  in  Fig.  3. 

BASE  CONVECTION 

An  empirical  method  for  calculating  the  base  convective  heating  is  presented  in  Table 
2.  Using  this  method  and  the  geometry  and  trajectory  information  provided  by  Boeing  for 
the  MTV  a base  convective  heating  environment  was  calculated  and  is  shown  in  Fig.  4. 

The  sensitivity  of  this  predicted  environment  to  wall  temperature  was  investigated  and  is 
shown  in  Fig.  5.  Note  that  a 556  K variation  in  wail  temperature  resulted  in  only  a 4.8 
percent  variation  in  the  peak  heating  rates.  The  sensitivity  to  base  diameter  was  also 
investigated  and  is  shown  in  Fig.  6.  Here  it  is  shown  that  a 10  percent  variation  in  the 
base  diameter  resulted  in  a 1 .8  percent  variation  in  the  peak  heating  rates.  In  addition 
to  the  method  selected  above  for  calculating  the  base  convection  environment  two  other 
independent  sources  were  identified  [Ref.  1 & 2]  which  indicated  that  base  heating  rates 
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could  be  approximated  as  2 percent  of  the  front  face  et9nnat;nn  u *.  « , 

reports  were  for  aerobrakes  in  air.  A comparison  of  the*  Scu ^ tfleSe 
rates  with  the  stagnation  convective  heat  rates  shows  that tho  ^e  bas®  convectlve  h«at 
5.6  percent  of  the  stagnation  as  shown  in  Fig  7 The  5 6 nerronf56  be^!,n9  aPProaches 
using  CO,.  The  heat  transfer  coefficient  £?i£. 

atr  based  solely  on  the  differences  in  the  viscositv  Tnri  Zn  J " 0 C°2  than  for 

major  differences  in  the  results  of  these  two  methodolonipe  a ty*  ’J'vh,ch  accounts  for  the 
' be  the  variety  of  stagnation  convert*  e hating  *?UrC0  °f  8rr0r 

each  of  the  different  references.  However  since  the  methorinin  373,  35  ® a"d  USed  within 
2 is  independent  of  the  stagnation  ““ 

of  the  heating  estimates,  it  is  the  method  for  calculating  the  ha<L  £onsekrvat,ve 
recommended  by  this  study.  *be  base  convective  heating 


BASE  RADIATION 


UsinTfhS 

the  MTV,  a base  radiative  heating  en^cnmiS  Z %£2£5 ' Pn7'?dby  BoeLnB  ,or 
The  sensitivity  of  this  predicted  environment  to  the  base  diampfpr  wae  • °W*-  ln 
is  shown  in  Fig.  9.  Here,  it  is  shown  that  a 10  pe^nt  vLS  i^hi  r,l9?ed  and 
resulted  in  a 5.4  percent  variation  in  the  peak  heating  raS  b diamatar 


WAKE  CLOSURE  ZONE 


The  objective  was  to  define  the  region  in  the  hasp  m th*  ^ , 

payloads  could  be  placed  with  a minimum  impact  from  bacVho  ? iubrake  where 
used  to  estimate  this  region  follows  that  developed  at  REMTECH  and9nrJ«  fw  ■ Ce  QUr? 
[OlppC^iations  were  performed  for  the  peak^S  ESTSSS  ft 

as  fS!lv^.e,h0d0'09y  USSd  '°  de‘ermine  ,hS  expanSion  a"9'a  °<  tie  shear  layer,  i„  is 


1. 


2. 


BLIMPK  (Ref.  [8])  was  used  to  calculate  the  hounda™  ia„a, 

100%  C02  free-stream  Martian  atmosphere  REMTECH  extenriPriPthpPertieTKf0r  3 
property  curve  fit  equation  range  of  applicability  from  sSoOK to  15  000K  hBUMPK 
for  this  study.  Results  provided  in  Table  4 indicate  that  the  specific  heat  Stto  atho 

eSn'rheedb9i^r,e,y  ^ a"d  * ™ £ 
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shock  7 of  1.11. 


yielding  d’ 


49.75 


0 


3.  The  nominal  base  pressure  ratio  P4/P00  is  determined  from  the  relation  by  Engel 
(Ref.  [4])  for  laminar  high  Reynolds  number  wakes. 

2q[-0.18T08+0.10806(A/oo-8)°'] 

15.47  at  time  = 114  sec 

It  is  assumed  that  the  pressure  across  the  shear  layer  is  identical  to  the  pressure  in 
the  recirculation  zone,  hence  P4/P1  = P3/P1. 

4.  P’/P3  is  computed  from  steps  2 and  3. 

5.  Isentropically  expanding  the  flow  from  P , to  P3,  (Prandtl-Meyer  expansion  theory), 
the  Mach  No.  (M3)  of  the  expanded  local  flow  is  determined. 
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6'  I tedSineJfL0'  °Uter  b0Undary  * ,he  sh9ar  ^9r  * d*«"*d  - then 


Ut  = 


(7  + 1 

tan 


V 7 — 1 


7ri)(^2-i) 


7 


— tan 


(ypry 


7'  veaoarnif,h°Jn,he  °Ut8r  ^ °'  Sh9ar  l9y9r  relative  ,0  ,he  »••*»«"  velocity 


V,  = i/t-  9’ 

@3  — 81.84  — 49.75 
= 32.09  for  7 = i.n 

Based  on  the  results  from  the  preceding  procedure  the  wakp  Hnenm  »u 
Fig.  10  was  defined.  The  angle.  is  the 

region  in  the  wake  occurs  on  the  inside  of  the  shear  lavpr  ctpv/Jrai  i u* 

ss  anXis  r-r^rr 

anJePwas  ^degrees*.  » ^ ^ 

In  order  to  understand  the  fiowfield  around  the  blunt  end  of  the  brake  the  olot  in 
Fig.  11  was  prepared.  The  flow  properties  shown  are  from  the  Table  4 BL1MPK  racni  « 
plotted  on  the  surface  of  the  brake.  The  straight  lines  iwZ^cTt* 
waves  calculate  from  boundary  layer  edge  conditions  The  shnrk  chano  »«/=  w _> 
from  AFE  schlieren  presented  in  Ref.  [6]  for  CF?  a^Mach  I U /T  ^7^ 
tunnel  shock  shape  was  adjusted  to  account  for  shock  dens4  ^oe«e4  using 


where 


yielding 


6 /R-  0.667/  (pi/poo  1)  Nondimensional  stand-off  distance 
pi/peo  = 14.73  for  time  1 14  sec  in  C02 
Pi/poo  = 11.7  for  CT4  (tunnel) 

$ fit  __ 


= 0.779 


^aM?ch*ave  wff  dra"n  * ,he  Mach  a"gle  at  the  body  to  the  shock.  Compatibility  of 
these  conditions  at  the  shock  were  not  verified.  More  than  likely  the  Mach  waves  bend 
to  the  nght  when  moving  along  the  Mach  line  from  the  body  to  the  shock.  ° 

BRAKE  DESIGN  CONSIDERATIONS 

During  the  analysis  process  of  determining  the  brake  wake  heating  environment 
several  observations  regarding  the  current  brake  design  were  made.  These  observations 

1.  The  geometric  stagnation  point  is  located  quite  near  the  blunt  side  of  the  brake  at 
20  degrees  angle  of  attack 
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2.  Expansion  from  the  geometric  stagnation  point  along  the  hyperboioid  is  only  about 
11  degrees. 

3.  As  a result  of  (2)  the  sonic  point  is  located  on  the  torus  (See  Fig.  11). 

4.  Although  specific  calculations  were  not  performed,  it  is  anticipated  that  the  constraint 
of  the  sonic  point  to  the  torus  region  will  produce  a high  heating  region  on  the 
hyperboloid.  This  high  heating  region  would  probably  be  higher  convectively  than 
the  stagnation  region  by  a factor  of  1.2  to  1.4.  This  is  a similar  flow  situation  to 
that  measured  by  Ref.  [7]  as  shown  in  Fig.  11.  The  bluntness,  X7R",  of  the  upper 
portion  of  the  brake  is  about  0.144. 

5.  The  effective  radius  based  on  this  bluntness  (X7R*  = 0.144)  is  approximately  13.65 
meters.  This  is  nearly  the  same  as  the  effective  radius  of  13.0  meters  used  in  both 
the  forebody  convective  and  radiative  heating  calculations. 

6.  The  constrained  sonic  point  produces  higher  than  Newtonian  pressures  between  the 
stagnation  and  sonic  point.  Consequently,  aerodynamics  based  on  Newtonian  theory 
alone  are  inadequate  for  this  type  of  body. 

Based  on  the  preceding  observations  and  work  presented  in  preceding  section  the 

following  recommendations  are  made: 

1.  New  brake  geometries  or  modifications  of  the  current  brake  geometry  as  shown 
in  Fig.  12  should  be  examined.  The  hyperboloid  or  primary  blunt  surface  should 
be  designed  to  accommodate  the  sonic  point  which  occurs  at  a turning  angle  of 
approximately  40  degrees  from  the  stagnation  point.  If  large  excursions  (above  5 
degrees)  in  angle  of  attack  are  anticipated,  this  should  be  accounted  for  as  well.  The 
extended  brake  as  shown  in  Fig.  12  would  also  substantially  increase  the  usable 
wake  payload  volume. 

2.  The  torus  radius  should  be  held  constant  for  design  simplicity.  If  the  sonic  point  is 
not  located  on  the  torus,  the  heating  will  be  more  benign  and  lower  environments 
will  exist.  The  torus  radius  environment  can  be  determined  using  BLIMPK  (Ref.  [8] 
for  convection  and  RADCOR  (Ref.  [9])  for  radiation. 

3.  The  new  and  modified  brake  face  and  wake  environment  should  be  examined  at-three 
altitudes  using  BLIMPK  boundary  layer  calculations,  LANMIN  (Ref.  [10])  for  pressure 
distributions,  RADCOR  for  radiation  distributions  and  correlations  presented  herein 
for  wake  conditions.  By  examining  the  brake  geometry  at  three  separated  Reynolds 
numbers  all  potential  heating  design  considerations  will  be  identified. 

4.  Computational  fluid  dynamics  code  validation  calculations  should  follow  basic  design 
trades  preformed  using  engineering  codes. 

REFERENCES 

1.  Zappa,  O.  L.,  and  W.G.  Reinecke,  “An  Experimental  Investigation  of  Base  Heating 
on  Typical  Mars  Entry  Body  Shapes,"  J.  Spacecraft,  Vol.  10  No.  4,  April  1973. 

2.  Sambamurthi,  Jay,  “Aeroassist  Flight  Experiment  Carrier  Thermal  Environments  Data 
Book,"  MSFC-DOC-1607,  June  1990. 


5 


^ — rs^inr! 


RTN  235-01 


3. 


Vehicle.-  AIM  24,hVhermcphy,^c^f  “V  J^e  liar'5'  H'9h‘  EXPerim9n' 
June ''l  987!’  AFE  Prelimmary  Wake  imPingenient  Heating,"  REMTECH  RTN  171-04, 
Wells,  William,  L.,  Surface  Flow  and  Heating  Distributions  on  a Cylinder  in  Near 

Wells,  William,  L.,  “Measured  and  Predicted  Aerodynamic  Cneffiriontc  anH  ok„  l, 
ImT  Hi9M  ExperimeW  (AFE)  Configuratien,"  NASA  Technical  Paper 

S aUa  Sfi* 

10  IZMT^ebruary 


4. 


0. 


6. 


7. 


8. 


9. 


6 


EMTEC  I— I 


RTN  235-01 


Table  1:  MTV  Trajectory  Data 


Time 

(Sec) 

Alt. 

(KM) 

Vei. 

(KM/sec) 

Temp. 

(K) 

Press. 

(N/M2) 

Density 

(KG/M2) 

QC  I QR  IQTOT 

(W/CM2) 

110 

43.7 

6.958 

172.03 

11.51864 

0.3678D-03 

28.66 

56.92 

85.58 

112 

43.1 

6.913 

172.60 

12.29919 

0.391 4D-03 

29.08 

57.73 

86.81 

114 

42.6 

6.866 

173.14 

13.06595 

0.4145D-03 

29.40 

57.81 

87.21 

116 

42.1 

6.817 

173.63 

13.81158 

0.4369D-03 

29.64 

57.09 

86.73 

118 

41.6 

6.766 

174.08 

14.52953 

0.4584D-03 

29.78 

55.55 

85.33 

120 

41.2 

6.714 

174.49 

15.21327 

0.4788D-03 

29.84 

53.17 

83.01 

122 

40.8 

6.660 

174.86 

15.85678 

0.4980D-03 

29.81 

50.64 

80.46 

124 

40.5 

6.604 

175.19 

1 6.45464 

0.5158D-03 

29.71 

47.65 

77.35 

126 

40.2 

6.548 

175.49 

17.00229 

0.5321  D-03 

29.53 

43.98 

73.51 

128 

39.9 

6.491 

175.74 

17.49571 

0.5468D-03 

29.27 

39.83 

69.10 

130 

39.7 

6.433 

175.96 

17.93181 

0.5597D-03 

28.96 

35.76 

64.72 

132 

39.5 

6.375 

176.15 

1 8.30809 

0.5708D-03 

28.59 

31.26 

59.85 

134 

39.3 

6.316 

176.30 

1 8.62283 

0.5801  D-03 

28.16 

26.41 

54.58 

136 

39.2  I 

6.258 

176.42 

18.87512 

0.5876D-03 

27.70 

21.83 

49.53 

mem 

6.201 

176.52 

19.06487 

0.5932D-03 

27.19 

17.28 

44.47 

140 

39.0 

6.143 

176.58 

19.19251 

0.5970D-03 

39.37 

142 

39.0 

6.087 

176.61 

19.25920 

0.5989D-03 

26.08 

8.76 

34.85 

144 

39.0 

6.031 

176.61 

19.26657 

0.5992D-03 

25.49 

4.83 

30.32 

146 

39.0 

5.976 

176.59 

19.21661 

0.5977D-03 

24.89 

0.00 

24.89 

148 

39.1 

5.922 

176.54 

19.11180 

0.5946D-03 

24.27 

0.00 

24.27 

150 

39.2 

5.870 

176.46 

18.95515 

0.5900D-03 

23.65 

0.00 
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Table  2:  Base  Convection  Heating 


™r that  °< 

curve  fit  equations  for  calculating  viscosities  have  been  included  for  use 
atmosphere  assumed  to  be  100%CO2.  in  a Manan 


oo 


1 q(-.18708  + .10806  (Mqo 


8.)-8) 


Base  Pressure:  (Engel) 

Ps  = p, 

where 

poo  = tree-stream  pressure  (lbf/ft2) 

Moo  = tree-stream  Mach  number  (dimensionless) 

Free-stream  Mach  Number: 


(lbt/ft2) 


M 


where 


'oo 


Uoo 

g 

7 

R 

T°o 

Base  Enthalpy: 
where 


= tree-stream  velocity  (ft/s) 

* 32.174  (Ibm  ft/ibfs2) 

■ 1 .40  for  C02  at  free-stream  conditions 

= 35.10  (ft  Ibf/lbm  R) 

« free-stream  temperature  (R) 

(Bulmer) 


(Dimensionless) 


Hb 

“ Hs  (.26  + .651  (j*)) 

HS 

« stagnation  enthalpy  » 

sofe  + CpTt * (BTU/lbm) 

Hw 

- wall  enthalpy  (BTU/lbm) 

Cp 

= specific  heat  of  C02  (BTU/lbm  R) 

For  P < 

.0001  atm  use  curve  fit  of  Candler 

(Dimensionless) 


(BTU/lbm) 


Viscosity: 

For  P > .0001  atm  use  curve  fit  of  Marvin  & Deiwert 
Free-stream  Reynolds  number: 


where 


(Reco)o 


Poo 

D 

Poo 


(Dimensionless) 


free-stream  density  (slugs/ft3) 
base  diameter  (ft) 
free-stream  viscosity  (Ib/ft-s) 
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Table  2:  (Continued)  Base  Convection  Heating 


(BTU/ft2-s-°R) 


(BTU/tt2-s) 

REFERENCES 

• Warmbrod,  John  D.  “Empirical  Method  to  Predict  the  Convection  Heating  for  the  Base 
(Separated)  Region  of  the  AFE,”  REMTECH  Technical  Note  RTN  171—01,  March 
1987. 

• Engel,  C.D.,  “ AFE  Preliminary  Wake  Impingement  Heating,"  REMTECH  Technical 
Note  RTN  171-04,  June  1987. 

• Bulmer,  B.M.,  “Heat  Transfer  Measurements  in  a Separated  Laminar  Base  Flow,” 
Journal  of  Spacecraft,  \/ ol.  14,  No.  1 1 , November  1 977. 

• Candler,  G.,  “Computation  of  Thermo-Chemical  Nonequilibrium  Martian  Atmospheric 
Entry  Flows,”  AIAA  90-1695,  June  18-20,  1990. 

• Marvin,  Joseph  G.  and  George  S.  Deiwert,  “Convective  Heat  Transfer  in  Planetary 
Gases,”  NASA  Technical  Report  NASA  TR  R-224,  July  1965. 


Heat  Transfer  Coefficient:  (Warmbrod) 

h®  ' .349,>eoUco(R9»)D-™(*J 

where 

- base  viscosity  (Ib/ft-s) 

Base  Convection  Heat  Rate: 

QB  • ho  (Hg  - Hyv) 
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Table  3:  Base  Radiation  Heating 

The  procedure  for  calculating  radiation  heatinn  in  the  • 77  7 

oped  by  Heame.  The  following  empirical  equation^  de^d  to  rn™?i,0WS  M devel' 
wake  radiation  data  measured  in  the  NASA  Amae  na  ~ correlate  expenmental 

sonic  facility.  Measurement were  made 'T™5*  ^ 
32,000  ft/sec  for  several  ablation  material  9 veloclt,9s  ,rom  20'000  <° 


where 


- C-SD  P^(~)  cos  » (BTU/fthcc) 


C - constant  of  proportionality  - ablation  material  dependent 
D = vehicle  diameter  (ft)  M uera 

Poc  = free-stream  density  (lbm/ft3) 

Ucc  « free-stream  velocity  (ft/s) 

e - angle  between  the  local  surface  normal  and  the  wake  angle 
The  refute  °'  relati°"  made  for  ^"9  project  FIRE  I flight  data. 


qrad  = 1-33  Btu/sft-sec  (calculated) 
Qrad  = 1.41  Btu/sft-sec  (measured) 


Poo  = 4.745  x io~6  Ibm/cft 
Uoo  = 37;  840  ft/sec 
• D =2.204  ft 


the  wake  a^o  ™ ™eOT,™naw  in  appfc^on  ln 

This  correlation  when  applied  to  a ranae  of  9 fmm  n +«  an 
rates  which  are  at  a maximum  at  6 ■ 0 and  decrease  to  a n’ht>JfU  a*9S  rad,ative  heatin9 
AFE  aerobraking  vehicle  the  minimum  wake  radiation  heatinn  rate?  St  9 “ ^°'  ,For  the 
be  36.6  percent  of  the  peak  radiation  heaHates  » T calcu!.aJed  to 
this  relationship  the  following  correlation  was  derived  for  Patimat'  X Sambamurthi.  From 
rates  in  the  base  for  Mars  atmospheres  for  estrmatrng  the  radiation  heating 


quad  - Cy/D  pa p(^)  (.634  cos  0 + .366) 


{BTU / ft2  stc) 


REFERENCES 

’ 235  rrB“" 

4-74-64—1,  December  1964.  - 4 Space  ComPa"y  Real  Report 

• Sambamurthi,  Jay,  “Estimation  of  Radiative  Heatinn  tn  »hfl  «=c  n • 

REMTECH  Technical  Note  RTN  195-14  Deoemter  1988  “ PDR'" 
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Tabie  4:  BLIMPK  Boundary  Layer  Edge  Conditions  for  time  = 114  sec 

STATION  NO  1 

CP— frozen  CP-EOUIL  OLNM/OLNT  OLNM/OLNP  gamma 

0.34931E-00  0. 466 1 7E*0 1-0. 191596*01  0.944776-01  0.112106*01 

TEMP*  6643  0844  OEG-K  PRES* „ 0.1B58  ATM  MOL  WT.  17.9030978 

ENTHALPY.  0.5530450E-04  CAL/GM  ENTROPY*  0.355126*01  CAL/GM-06G  K 
06NSITY*  0.3809006-03  LB/CUFT 

VEL*  0.0006*00  FT/SEC  MACH*  0.0006*00  AREA*  0.0006*00  SOFT/LB/SfC 


SPECIES  MOLE  FR.  SPECIES  MOLE  FR . 

C 0.186216*00  0 0 . 593  I 1 E* 00 


SPECIES  MOLE  FR. 

02  0.440455-04 


CO  0.220636*00 


C02  0.539976-05 


STATION  NO  2 

CP-FROZEN  CP-EOUIL  OLNM/OLNT  OLNM/OLNP  GAMMA 

0.349315*00  0.466186*01-0. 19159E*01  0.944775-01  0.112105*01 

*»*4. 

TEMP*  6642.9440  OEG-K  PRES*  0.1057  ATM  MOL  WT*  T7. 9033077 

ENTHALPY*  0.55302265*04  CAL/GM  ENTROPY*  0.355125-01  CAL/GM-OEG  K 
OENSITY*  0 . 3807965-03  L3/CUFT 

VEL*  0.1425*03  FT/SEC  MACH*  0.2335-01  AREA*  0.1055*02  SOFT/LB/SEC 

SPECIES  MOLE  FR.  SPECIES  MOLE  FR,  SPECIES  MOLE  FR . 

C 0.186205*00  0 0.593106*00  02  C. 440435-04 

CO  0.220655-00  C02  0.539946-05 


STATION  NO  3 

CP-FROZEN  CP-EOUIL  OLNM/OLNT  OLNM/OLNP  GAMMA 

0 • 349305-00  0.466225*01-0. 191605*01  0.944775-01  0.112106*01 

TEMP*  6642.5228  OEG-K  PRES*  0.1856  ATM  MOL  WT*  17.9039376 

ENTHALPY*  0.55295525*04  CAL/GM  ENTROPY*  0.355125*01  CAL/GM-OEG  K 
DENSITY*  0.3804865-03  LB/CUFT 

VEL*  0 . 2846+03  FT/SEC  MACH*  0.4665-01  AREA*  0.9246+01  SOFT/LB/SEC 

SPECIES  MOLE  FR.  SPECIES  MOLE  FR . SPECIES  MOLE  FR. 

C 0.186175*00  0 0.593095*00  02  0.440275-04 

CO  0.220695*00  C02  0.53987E-05 


STATION  NO  4 

CP-FROZEN  CP-EOUIL  OLNM/OLNT  OLNM/OLNP  GAMMA 

0 . 349265*00  0. 466486*0 1-0. 191685*01  0.94477E-01  0.112095*01 

TEMP*  6639.5723  OEG-K  PRES*  0.1844  ATM  MOL  WT*  17.9083524 

ENTHALPY*  0.55248345*04  CAL/GM  ENTROPY*  0.355125*01  CAL/GM- DEG  K 
DENSITY*  0.3783195-03  LB/CUFT 

VEL*  0.711 E*03  FT/SEC  MACH*  0.1t7E*00  AREA*  0.372E*O!  S0FT/L3/SEC 

SPECIES  MOLE  FR.  SPECIES  MOLE  FR . SPECIES  MOLE  FR. 

C 0.185976*00  0 0.59299E-00  02  0.439135-04 

CO  0 . 22099E*00  C02  0.5393TE-05 


STATION  NO  5 

CP-FROZEN  CP-EOUIL  OLNM/OLNT  OLNM/OLNP  GAMMA 

0 . 349 1 2E*00  0.467406*01-0.  !9198£*01  0.944785-01  0.112075*01 


11 


:rs^inr=:< 


RTN  235-01 


Table  4:  (Continued)  BLIMPK  Boundary  Layer  Edge  Conditions  for  Time  « 114  sec 


TEMP.  6629.0072  DEG-K  poESr  n 

ENTHALPY.  0 . 5507930E*04  CAL/GM  ENTRDP^  n , M0L  WT*  >7.9241934 
DENSITY.  0.370643E-03  LB/CUFT  0PV*  C-355I2**01  CAL/GM-DEG  K 

VEL.  0.142E*04  FT/SEC.  MACH.  0.234E.Q0  area,  q ,«o.  „ 

area.  0. 189E-01  SOFT/LB/SEC 


SPECIES  MOLE  FR. 

C 0. 18525E*00 
CO  0.22207E*00 

i;r  •. 


SPECIES  MOLE  FR. 

0 0 . 59263E-00 

C02  0.53733E-05 


SPECIES  MOLE  FR. 

02  0.43506E-04 


STATION  NO  6 

cC-M”'=E'“00  o.nSJt-o, 

TEMP.  6611.2981  OEG-K  PRES.  0 

enthalpy.  0.5479558E-04  CAL/GM  ' ENTanoI*  „ „ M0L  WT*  >7.9505596 
DENSITY.  0.358063E-03  LB/CUFT  * 0.355 I2E-01  CAL/GM-DEG  K 

VEL.  0 . 2 1 4E*04  FT/SEC  MACH.  0.352*-00  i.r,  „ 

* °°  A*£ix  0 . 1 30E-0 1 SOFT/LB/SEC 

SPFTTC^  unr  r*e»  


SPECIES  MOLE  FR. 

C 0 . 18*04E*00 
CO  0 . 22389E*00 


SPECIES  MOLE  FR . 

0 0 . 59  202E*00 

C02  0.53397E-05 


SPECIES  MOLE  FR. 

02  0 . 428295*04 


STATION  NO 


0.34854E.00  0C4Tfo06-01-0^93?OE3oi  o’mmsIToi  0 G*MM* 

U.94445E-Q)  0. I 1 1 98E*01 


TEMP.  6586.2882  OEG-K  PR6S.  o 
ENTHALPY.  0.5439410E-04  CAL/GM  ENTlLo!"  - MOt  WT*  >7.9887650 
DENSITY.  0 . 3408981-03  LB/CUFT  * 0.355I2E-0I  CAL/GM-OEG  K 

VEL-  0. 286E-04  FT/SEC  MACH-  0.473E*00  AREA,  o „ 

*EA«  O.I02E*01  SOFT/LB/SEC 


SPECIES  MOLE  FR. 

C 0 . 1823 1 E+00 
CO  0.226476*00 


SPEdES  MOLE  FR. 

o o. 591166*00 
C02  0.52914E-O5 


SPECIES  MOLE  FR. 

02  0. 418045-04 


STATION  NO  8 


CP-FROZEN  CP-E0UI L OLNM/nj ur 

0.348, 0E*00  0.4736, E*0,-0. 19389E-0,  fESSCo,  Q.KSSm, 

TEMP.  6553.7338  OEG-K  PRES.  0 ,526  it. 

ENTHALPY.  0.5387025E-04  CAL/GM  Entrop3^  n "0L  WT*  >8-0385247 
DENSITY.  0 . 31958 1 E-03  LB/CUFT  TROPy.  0.35512**01  CAL/GM-OEG  K 

VEL.  0.359E*04  FT/SEC  MACH.  0.596E*00  area,  n n„ 

area.  0.8706*00  SOFT/LB/SEC 


SPECIES  MOLE  FR. 

C 0 . ,800SE*00 
CO  0 . 22987£*00 


SPECIES  mol*  FR. 

0 0 . 59003E*00 

C02  0.52274E-05 


SPECIES  MOLE  FR. 

02  0. 4Q672E-04 
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Table  4:  (Continued)  BLIMPK  Boundary  Layer  Edge  Conditions  for  Time  =114  sec 


STATION  NO  9 

C?-*FR02EN  CR-EOUIL  DLNM/OLNT  OLNM/DLNP  GAMMA 

0.347566*00  0.476666*01-0. 194786*01  0.942566-01  0.1U84E-01 

TEMP*  6513.3024  DEG-K  PRES*  0.1394  ATM  MOL  WT*  18.1010011 

ENTHALPY*  0!532 1 758E*04  CAL/GM  ENTROPY*  0.355126*01  CAL/GM-OEG  K 
DENSITY*  0.294656E-03  LB/CUFT 

VSL*  0.4346*04  FT/SEC  MACH*  Q.722E*00  AREA*  0.7836*00  S0FT/L3/SEC 

SPECIES  MOLE  FR.  SPECIES  MOLE  FR . SPECIES  MOLE  FR. 

C 0 . 1 772 1 E*00  0 0 . 538626*00  02  C.39197E-04 

CO  0.234136*00  C02  0.S1459S-05 


STATION  NO  TQ 

CP-FROZEN  CP-EOUIL  OLNM/OLNT  OLNM/OLNP  GAMMA 

0.34612E*00  0 . 48369E*0  1 -0 . 1 9665E*0  t 0.93669E-01  0 . I I 1 63  £♦  C 1 

TEMP*  6406,7744  DEG-K  PRES*  0.1091  ATM  MQL  WT*  18.2591960 

ENTHALPY*  0.51487725*04  CAL/GM  ENTROPY*  0,355125*01  CAL/GM-DEG  K 
OENSITY*  0.2366206-03  L3/CUFT 

VEL*  0.5865*04  FT/SEC  MACH*  0.991E*00  AREA*  0.7215*00  SOFT/LB/ScC 

SPECIES  MOLE  FR.  SPECIES  MOLE  FR , SPECIES  MOLE  FR . 

C 0.169566*00  0 0.584806*00  02  Q.3S472E-04 

CO  ’0.245606*00  C02  0.49228E-05 


STATION  NO  11 

CP-FROZEN  CP-EOUIL  DLNM/OLNT  OLNM/OLNP  GAMMA 

0. 344656*00  0 . 489 1 2E*0 1-0 . 19777E*0 1 0.92677E-01  Q.11143E*01 

TEMP*  6298.7872  DEG-K  PRES*  0.0844  ATM  MOL  WT*  18.4450081 

ENTHALPY*  0 . 4972030E*04  CAL/GM  ENTROPY*  0.355  I 2 E* 0 I CAL/GM-OEG  K 
OENSITY*  0.187914E-03  LB/CUFT 

VEL*  0.7096*04  FT/SEC  MACH*  0.122E*01  AREA*  0.750E*00  SOFT/LB/SEC 

SPECIES  MOLE  FR.  SPECIES  MOLE  FR . SPECIES  MOLE  FR.  - -- 

C 0.161566*00  0 0.580816*00  02  0.31942E-04 

CO  0.257596*00  C02  0.468646-05 


STATION  NO  12 

CP-FROZEN  CP-EOUIL  OLNM/OLNT  OLNM/OLNP  GAMMA 

0.343576*00  0.491925*01-0.198036*01  0.91664E-Q1  0.1U29E*01 

TEMP*  6218.3775  OEG-K  PRES*  0.0693  ATM  MOL  WT*  18.5793942 

ENTHALPY*  0.48396206*04  CAL/GM  ENTROPY*  0.35512£*01  CAL/GM-OEG  K 
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table  4:  (Continued)  BLIMPK  Boundary  Layer  Edge  Conditions  for  Time  = 11 


DENSITY*  0 . 1 574  28E-03  LB/CUFT 
VEL*  0.7896*04  FT/SEC  MACH*  0.137**01 


SPECIES  MOLE  FR. 

C 0.155456*00 
CO  0 . 266766*00 


AREA*  0 . 805E*00  SOFT/LB/SEC 


SPECIES  MOLE  FR. 

0 0.57775E*00 

C02  0 . 45Q55£_qS 


SPECIES  MOLE  FR. 

02  0.29476E-O4 


STATION  NO  13 


7F* 


CP-FR02EN  CP-EOUIL  DLNM/DLNT  DlNM/muo 
0.3«!6E-00  0,4. 3. 7, *01-0.  ,97811*0,  £.«?£%,  o.fmto-o, 

ENTHALPY* *054717031E*04  CAL/CM  ^ENTROPv”  n M0L  >8.7058860 

DENSITY*  0.1331 75E-03  LB/CUFT  ENT»OPY«  0.35512**01  CAL/GM-OEG  K 

VEL-  0 . 856E*04  FT/SEC  MACH.  0.150**01  ar*a,  n * 

U1  A«£a*  0.8775*00  SOFT/LB/SEC 


SPECIES  MOLE  FR, 

C 0.14970E+00 
CO  0.275395^00 


SPECIES  MOLE  FR. 

0 0.574885*00 

C02  0.433655-05 


SPECIES  MOLE  FR, 

02  0 . 2 73265-04 


STATION  NO  14 

.f».4ssK.,  sex., . 

TEMP.  6066.5596  DEG-K  PRES*  0 0.,,  ..u 

enthalpy*  0 . 45S8062E*04  CAL/GM  MOL  WT*  18.841)412 

DENSITY.  0. 1 1 1274E-03  LB/CUFT  EMTROPV.  0.35512E»01  CAL/GM-OEG  K 

VEL*  0.922E*04  FT/SEC  MACH*  0.1631*01  abpa.  „ 

ARE*.  0.9?5E*00  SOFT/LB/SEC 


SPECIES  MOLE  FR. 

C 0 . 1 4355E*00 
CO  0 . 2046 1 E*00 


SPECIES  MOLE  FR. 

0 0,5718! E*00 

C02  0.41581E-0S 


SPECIES  MOLE  FR. 

02  Q.25199E-04 


STATION  NO  15 

0.339656*00  0?49507E*OI-0^9S68e3o1  O^eMeE^i  o 

" D486698E-01  0.11082E*01  ~Z- 

TEMP*  5938.8272  OEG-K  PRES*  o 0384  iru 
ENTHALPY.  0 . 44029006*04  CAL/GM  purpnil  „ M0L  WT“  19.0318266 
OENSITY.  0.936661E-04  LB/CUFT  ent*OPY»  0.355126*01  CAL/GM-OEG  K 

VEL*  0 . 10 !E*05  FT/SEC  MACH.  0.1816*01  «...  „ 

' oi  AREA*  0.1066*01  SOFT/LB/SEC 


SPECIES  MOLE  FR. 

C 0 . I 3487E*00 
CO  0 . 297626*00 

STATION  NO  16 


SPECIES  MOLE  FR. 

o 0 . 56748E*00 
CO 2 0.374566*05 


SPECIES  MOLE  FR. 

02  0.  1S217E-04 


SfSSJEo,  O.M^tl.0, 

TEMP*  5863.8002  OEG-K  PRES*  0 0313  iru 
ENTHALPY*  0 . 4277 1 70E*04  CAL/GM  ’entropI*  n .,  “0L  *rT“  19.  1692041 
DENSITY*  0.778S33E-04  LB/CUFT  E"TROPY*  0.355125*01  CAL/GM-OEG  K 
VEL*  0.106E*05  FT/SEC  MACH*  0 . 1 93E*o 1 'i»tl  „ 

01  AREA*  0.1211*01  SOFT/LB/SEC 


SPECIES  MOLE  FR. 

C 0.  12863E*00 
CO  0.306996*00 


SPECIES  MOLE  FR. 

0 0.56436E-00 

c°2  0.358 1 1 £-05 


SPECIES  MOLE  FR. 

02  0. 1 6778E-04 


4 sec 
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Table  4:  (Continued)  BLIMPK  Boundary  Layer  Edge  Conditions  for  Time  = 114  sec 

STATION  NO  17 

CP-FHOZEN  CP-EOUIL  DLNM/DINT  OLNM/OLNP  GAMMA 

0 . 337526*00  0 . 48783E-0 1 -0 . 190686*0 1 0.82354E-OI  0.1  10596*01 

TEMP,  5783.3019  DEG-K  PPES*  0.0250  ATM  MOL  WT«  15.3192452 

ENTHALPY,  0.41421  !2E*04  CAL/GM  ENTROPY*  0.355126*01  CAL/GM-OEG  K 

DENSITY*  0.6354946-04  LS/CUFT 

VEL*  0.11 2E*05  FT/SEC  MACH*  0.205E*01  AREA*  0.1416*01  SOFT/LB/SEC 

SPECIES  MOLE  PR.  SPECIES  MOLE  PR.  SPECIES  mole  PR. 

C 0.121816*00  0 0.560956*00  02  0 15341E-04 

CO  0.317226*00  C02  0.34073E-05 

STATION  NO  18 

CP-FROZEN  CP-EOUIL  OLNM/DLNT  OLNM/OLNP  GAMMA 

0.336455*00  0.481625*01-0.187085*01  0.79741E-01  0.110495*01 

TEMP*  5704.4673  DEG-K  PRES*  0.0200  ATM  MOL  W T*  19.4687181 

ENTHALPY*  0 . 40098 1 9 E*04  CAL/GM  ENTROPY*  0.055125*01  CAL/CM-OEG  K 

OENSITY*  0.513541E-04  LS/CUFT 

VEL*  0 . 1 1 7E*05  FT/SEC  MACH*  0.217£*01  AREA*  0.1655*01  SQFT/L3 /SEC 

SPECIES  MOL*  FR.  SPECIES  MOLE  FR.  SPECIES  MOLE  FR. 

C 0.115015*00  0 0 . 55756E*00  02  0. 140385-04 

CO  0.32741 E*00  C02  0.32409E-05 

STATION  NO  19 

CP-FROZEN  ' CP-EOUIL  OLNM/DLNT  OLNM/OLNP  GAMMA 

Q . 335395*00  0.473436*01-0.182665*01  0.768055-01  0.  110385*01 

TEMP*  5624.6137  OEG-K  PRES*  0.0158  ATM  MOL  WT*  19.6225146 

ENTHALPY*  0.3S75947E*04  CAL/GM  ENTROPY*  0.355125*01  CAL/GM-OEG  X 
OENSITY*  0.42QT01E-04  L3/CUFT 

VEL*  0.1225*05  FT/SEC  MACH*  0.2295*01  AREA*  0.1955*01  SOFT/LB/SEC 

SPECIES  MOLE- FR.  SPECIES  MOLE  FR.  SPECIES  MOLE  FR. 

C 0 . 1 0802E*00  0 0.55407E*00  020.128215-04 

CO  0 . 33790E*0Q  C02  0.30772E-05 

STATION  NO  20 

CP-FROZEN  CP-EOUIL  OLNM/OLNT  OLNM/OLNP  GAMMA 

0.33432E*00  0 . 46302E*0 1 -0 . 17733E*01  0.735285-01  0.110295*01 

TEMP*  5543.6972  OEG-K  PRES*  0.0124  ATM  MOL  WT*  1 9 . 7805939  *“!  - 

ENTHALPY*  0,37406165*04  CAL/GM  ENTROPY*  0.35512E*01  CAL/GM-OEG  K 
DENSITY*  0 . 337983E-04  L5/CUFT 

VEL*  0 . 1 27E*05  FT/SEC  MACH*  0. 2418+01  AREA*  0.233E*01  SOFT/LB/SEC 

SPECIES  MOLE  FR.  SPECIES  MOLE  FR.  SPECIES  MOLE  FR . 

C 0.100835*00  0 0.550476*00  020.11S89E-04 

CO  0.34868E*00  C02  0.29175E-05 


STATION  NO  21 

CP-FROZEN  CP-EOUIL  OLNM/OLNT  OLNM/OLNP  GAMMA 

0.32729E*00  0 . 3 1 6235*0 1 -0 . 1 11 29E*0 1 0.414435-01  0.11019E*01 

TEMP*  4960.3313  OEG-K  PRES*  0.0020  ATM  MOL  WT*  20.9454479 

ENTHALPY*  0.28020946-04  CAL/GM  ENTROPY*  0.35512E*01  CAL/GM-OEG  X 
DENSITY*  0 . 64Q37QE-05  LB/CUFT 

VEL*  0.1575*05  FT/SEC  MACH*  0.3246*01  AREA*  0.9966*01  S0FT/L3/ SEC 

SP*CIES  MOL*  FR.  SPECIES  MOLE  FR . SPECIES  MOLE  FR . 

C 0.47871S-01  0 0.524015-00  02  0.632315-05 

CO  0.4281 1 E*C0  C02  0.206125-05 
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27.4  m 


Figure  2:  Top  View  of  MTV  Aerobrake  Structure 
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Velocity  km/sec 

Figure  3:  MTV  Aerocaplure  Trajectory  in  Mars  Atmosphere 
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Figure  4:  MTV  Base  Convective  Heating  Environment 


Figure  5:  Sensitivity  ol  Base  Convective  Healing  to  Wall  Temperature 
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Figure  6:  Sensilivily  ol  Base  Convective  Heating  to  Base  Diameter 
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Figure  8:  MTV  Base  Radiative  Heating  Environment 
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Figure  10:  Wake  Closure  Zone  at  Peak  Heating 
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Estimated  Brake  Shoulder  Flow 
Field  Properties 
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ESTIMATED  BRAKE  SHOULDER  FLOW 
FIELD  PROPERTIES 


D615- 10026-1 


815 


DISTANCE  (ft) 


This  page  intentionally  left  blank 


3615- 10026-1 


816 


* * * 


Equipment  Life  and  Self-Check 

This  section  discusses  the  work  accomplished  and  the  issues  identified  concerning  the 
processing,  integration  , test,  assembly,  verification  and  operation  of  the  Mars  vehicle 
(primarily  the  reference  Cryo/Aerobrake  vehicle).  Self-check  capabilities  include  Built-in 
Test/  Built  -in  Test  Equipment  (BIT/BITE),  Fault  Detection  and  Differentiation  (FD&D), 
and  monitoring  techniques.  The  philosophy  of  readiness  for  each  stage  in  piece  of 
equipment's  lifetime  is  based  on  these  capabilities  and  techniques,  especially  for  the  test, 
verification  and  operations  phases. 

Since  autonomous  checking  involves  both  inter-  and  intra-system  "communications", 
interface  identification  and  verification  need  to  establish  proper  functioning.  Ground 
processing  is  based  on  sequencing  of  hardware  as  constrained  by  integration,  test  and 
assembly.  Assembly  involves  not  only  the  manifesting  and  launch  of  the  vehicle,  but  also 
the  construction  and  interfaces  of  the  Assembly  Node.  Assembly  in  space  requires  that  the 
self-  check  capability  be  part  of  the  process  of  construction  and  operations,  since  the 
Hemand  in  manpower  otherwise  needed  to  perform  test  and  checkout  would  overwhelm 
any  support  function  or  the  limited  crew . 

Test,  verification  and  operation  of  the  Mars  vehicle  puts  this  self-check  philosophy  into 
practice.  The  overall  test  approach  utilizes  self-checking  at  the  component  and  system  level 
to  perform  both  initial  and  continuous  testing.  This  imbedded  self-check  capability  is  also 
used  in  the  verification  phase  for  rechecking  components  and  systems  within  the  integrated 
elements.  Operations  will  use  continuous  on-board  autonomous  checking  during  each  stage 
of  the  mission.  Without  this  capability,  monitoring  and  stamsing  over  the  life  of  the  vehicle 
would  require  more  EVA  work  than  the  schedule  can  afford.  This  requires  that  the  Data 
Management  System  of  the  vehicle  ( independent  flight)  and  the  Earth/  SSF  based  assembly 
control  point  software  has  the  capability  to  interpret  the  BU/BITE  results,  separating 
sensor  failure  from  component  failure,  and  referencing  .affected  areas. 

Self-  checking  will  reduce  the  time  and  increase  the  efficiency  of  the  testing,  verification 
and  operation  phases  of  the  Mars  vehicle  program.  In  order  to  best  realize  these  benefits, 
the  processing,  integration  and  assembly  phases  must  be  planned  in  accordance. 
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Verification  of  Operational  Readiness 
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Verification  of  Operational  Readiness 
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Mars  Aerobrake  Launch  Option 
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Launch  Site  Impacts 
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Cryo/Aerolirake  Mission  Operations  Outline 
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Mars  Major  Mission  Operations 
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* Transit  configuration 

* Optional  Maneuvers-  coast  correction  , Venus  Swinghy,  reconllgurc 

* Earth  Return-  ECCV  direct  entry  or  ECCV  orbit  capture  or  M'I'V  capture 


Mars  Mission  Operations  Task  Flow 
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Ground  Assembly  and  Check  Out 
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Sequential  Interface  Verification 
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Revised  On-Orbit  Analysis 
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On-Orbit  Assembly  Analysis 
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Earth-to-Orbit  (ETO)  Heavy  Lift  Launch  Vehicle  (HLLV)  Definition  Trades. 

An  airplane  must  be  designed  considering  the  airports  it  flies  to  and  from  and  the 
cargo/passengers  it  will  have  to  carry.  In  a similar  fashion  a launch  vehicle  must  be 
designed  considering  cargo  manifest  and  transportation  node  requirements. 

Externally  mounted  aerobrake.  Payload  fairings  are  used  on  launch  vehicles  when  the 
payload  cannot  withstand  the  aerodynamic  and  heating  environment  of  launch.  The  Space 
Shuttle  Orbiter  is  an  example  of  an  item  which  is  rugged  enough  to  be  launched  without  a 
protective  fairing.  Since  an  aerobrake  of  the  type  being  considered  for  SEI  missions  is 
designed  to  operate  under  severe  aerotheimal  conditions,  consideration  was  given  to 
launching  it  without  a fairing. 

Aerobrakes  are  large  and  low  density.  If  the  brakes  are  launched  with  a protective  fairing, 
reasonable  sizes  of  launch  vehicles  leads  to  volume-limited  launches  of  brake  segments. 

This  adds  launches  and  requires  on-orbit  assembly.  The  latter  can  add  weight  to  the 
aerobrake  in  the  form  of  field  joints  for  the  brake  segments  and  also  requires  a ’final 
assembly  building'  in  orbit  The  potential  penalties  of  launching  an  exposed  aerobrake 
include  (1)  ascent  performance  penalties  to  the  launch  vehicle,  and  (2)  structural  and 
thermal  protection  additions  if  the  launch  environment  is  different  than  the  brake  mission 
environment 

The  first  two  charts  illustrate  some  configurations  of  an  aerobrake  on  a Shuttle-derived 
launch  vehicle.  Launch  performance  is  being  investigated  to  determine  feasibility  of  this 
concept  If  it  proves  feasible,  then  the  next  step  would  to  be  to  compare  the  brake  design 
impact  for  external  launch  to  the  impact  for  launch  in  segments. 

HLLV  Siting.  The  optimal  size  of  a HLLV  is  a tradeoff  between  increased  development 
cost  for  a larger  vehicle  versus  fewer  flights  and  lower  on-orbit  assembly  costs.  The  next 
chart  shows  the  variation  in  number  of  launches  and  achieved  payload  average  mass  for 
three  sizes  of  HLLV  and  four  transfer  vehicle  propulsion  options  under  consideration. 

Transport  Node  Location.  The  next  chart  gives  comparative  data  on  alternative 
locations  for  a transportation  node.  From  a propulsive  standpoint,  a transport  node  should 
be  located  as  close  to  the  Earth  as  possible  if  a shift  from  low  Isp  (chemical  rocket)  to  high 
Isp  (electric)  is  occurring,  so  as  to  maximize  the  fraction  of  the  mission  AV  performed  by 
the  higher  Isp  propulsion.  Even  if  the  Isp  is  not  changing  (chemical  rocket  both  for  ETO 
and  transfer),  the  closer  the  node  is  to  the  Earth,  the  less  propellant  expended  to  get  the 
node  hardware  on  site. 

Manifesting.  The  remaining  charts  in  this  section  deal  with  manifesting  of  a ETO  HLLV. 
Two  large  fairings  are  considered:  a 7.6x30m  fairing  with  a 120  ton  lift  capacity,  and  a 
10x30m  fairing  with  an  84  ton  capacity.  A nuclear  electric  propulsion  (NEP)  vehicle  will 
require  seven  ETO  launches.  This  includes  two  launches  with  the  smaller  fairing  and  five 
with  the  larger.  A solar  electric  propulsion  (SEP)  vehicle  requires  only  six  ETO  launches, 
with  five  of  them  using  the  larger  fairing.  A nuclear  thermal  rocket  (NTR)  transfer  vehicle 
will  require  nine  ETO  launches,  with  six  required  to  be  the  larger  fairing  size.  The  implied 
vehicle  design  density  for  payload  envelopes  is  about  40  kg  payload  per  cubic  meter  of 
volume.  This  means  the  vehicle  should  be  optimized  for  this  payload  density,  with 
allowance  for  putting  larger  or  smaller  fairings  on  for  particularly  dense  or  bulky  payloads. 

Using  a larger  ETO  Heavy  Lift  Launch  Vehicle,  with  a 10x30m  fairing  and  a 140 1 capacity 
reduces  the  number  of  launches  required.  In  the  NEP  case  the  launches  are  reduced  from 
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seven  to  five.  In  the  SEP  case  the  flights  are  reduced  from  six  to  five.  In  the  NTR  case  the 
launches  are  reduced  from  nine  to  seven,  although  one  flight  is  very  lightly  loaded. 

The  last  several  charts  compare  a cryogenic  propulsion  transfer  vehicle  with  aerobrakes  for 
arrival  at  planets  to  other  transfer  vehicles  as  far  as  ETO  flights  required.  In  the  mixed 
7.6x30/10x3Qm  HLLV  case,  1 1 flights  are  required  for  the  Cryogenic  transfer  vehicle,  vs 
9^6,  and  7 for  NTR,  SEP,  and  NEP  respectively.  For  the  larger,  140  metric  ton  capacity 
HLLV,  8 launches  are  required  for  the  Cryogenic  transfer  vehicle,  versus  7, 5,  and  5 for 
the  NTR,  SEP  and  NEP  respectively. 


PRECEDING  PAGE  BLANK  NOT  FILMED 


D615-10026-1 


863 


Integrated  Aerobrake  Launch  Option 
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On-Orbit  Assembly  Analysis 
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Node  Purpose  & Minimal  Requirements 


i 


! 

5 

i 

i 

! 


s 

o 


ao 

© 


B 

e 


O 0 
© 


© 

a 


OJ 

o 

a 

u 


00 

C/5 

cn 

D 

8 


>> 

E 

0) 

C/J 
W 

cd 
00 
c 

'•€  3 

- i 
gj 

WJ 
on  JD 

*£<1 

— *3  © 


#o 

3 

ao 

© 


© 

as 


: = 

e « 

.2  >, 
m a 
£ 3 
*o  8 


JU 

*3 


o 

a 


9) 

' 8 


4) 

9) 

U 

o 

a 

a 


© 

L 

*3 

O' 

© 

U 

© 

> 

9 

u 

3. 

© 

u 


4)  9) 
© 9 

S3 

S| 

s s 
© © 

S 

3 9) 


00 


w > 

- = 5 
® ® 3 

1*5* 

9 3 

g * 

S Bfi 

— V 

ao  w 

5 9) 

ii  © 

> a 

© 3 

6 95 
© 

95  3 

2r*  c 

*:= 

.a  2 
~ © 


95 

95 


<2 

© 

-a 

ao 

3 

»« 

"a 

a 

3 

95 

© 


95 

SP 


3 

95 

© E 

3 © 

U|  . 

SASf 

Us  U 

© 

© * 

© ** 

s oe2 

•mm 

3 

a o 

►.  s £»  ^ 

•O 

*35 

95 

.2 

jg 

95  — 
© 95 
N © 

« *5  > a 

“5  3 

© 

© 

© 

< 

• 

*> 

o 

u 

• 

>>.a 

i * 

< «s 

Identil 

empha 

onboai 

depart 

• 

• 

* 

1^ 

— a «— 

3 G “ 

5 .2  w 

w - ••= 

sSjj 

5 « .2 

= — .= 

*5  © > 

i = a 

is  = 

s-P 

3 

3 “I  ^ 

I . 8 

— •0  3 

3 © © 

© = £ 
^ 95  3. 

© *"5 * 

> © 2r» 

u 12 
3 3 
© 


© — © 

•3  © E ± 

© ^ .©  3 3 


= *3 


3 

© 
U 
3 

._  * 
- S.'S 
a S 2 


> £ 
_9J  3 

&> 

u M 

,<u 


,2 

s 

u 

“ s 

C8  JS 

> 1 

5 © 
a a 

a)  .h 

*<S  © 

T a 

a £■ 

a.  c 

s g. 

O 4) 

a ©- 

H 3 

fa  < 

D615-10026-1 


873 


This  page  intentionally  left  blank 


D615-10026-1 


874 


This  page  intentionally  left  blank 


D615-10026-1 


876 


MIXED  LAUNCH  FLEET  MANIFESTING  ASSUMPTIONS 
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NEP  MANIFESTING  USING  MIXED  LAUNCH  FLEET 

(Sheet  1 of  2) 
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Mission  Seven:* 

Reactors  and  Shields  27.4 

Propellant  and  Tanks  (Remaining  2 of  5)  74.0 
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10m  x 30m  SHROUD,  140  mt  HLLV  MANIFESTING  ASSUMPTIONS 
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Mission  Four: 

Earth  Departure  Tank  (2nd  of  2,  1 3.3  mt  offloaded) 
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NEP  MANIFESTING  USING  10m  x 30m  SHROUD,  140  mt  HLLV 
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Descent  Module 

Ascent  Module  32.83 

Surface  Payload  24.83 

Main  Truss  (Deployable  7x7x7m,  remaining  2 of  3)  25.0 
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Mars  Mission  Manifests- 
SEP  and  NEP 


Manifesting  and  Assembly  Operations 
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Manifesting  and  Assembly  Operations-  continued 
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On-orbit  Assembly  Concepts-  continued 
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NTR  Component  Manifest  Data 
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NTR  - Manifesting  and  Packaging 

(10m  x 30m  Shroud,  140  ml  HLLV  using  "Smart"  11LLV  Platform) 
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NTR  - Manifesting  and  Packaging  (continued) 

(10m  x 30m  Shroud,  140  ml  IILLV  using  "Smart"  FILLV  Platform) 
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NTR  - Manifesting  and  Packaging  (continued) 
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SEP  Manifesting  and  Packaging 
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Smart"  HLLV  Platform:  NTR  Assembly 
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NTR  Top  Level  Assembly  Using 
Dedicated  Platform  Concept 
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NTR  Top  Level  Assembly  Schedule 
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Ground  Rules  and  Assumptions  for 
Ground  Processing 
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NTR  Ground  Processing  Functional  Flow 
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NTR  Ground  Processing  Functional  Flow  - continued 
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SECTION  1 


INTRODUCTION 


The  United  States  is  entering  an  era  of  expanded  space  exploration  activity  that  will  involve 
maimed  missions  to  Mars.  NASA  Marshall  Space  Flight  Center  (NASA/MSFC)  has  thus  funded  a 
smdy  of  Space  Transfer  Concepts  and  Analysis  for  Exploration  Missions  (STCAEM).  A key 
aspect  of  this  study  is  the  utilization  of  high  energy,  cryogenic  propellant  for  both  Chemical 
Propulsive  and  Thermal  Nuclear  Rocket  vehicles.  Boeing  Aerospace  has  contracted  General 
Dynamics  Space  Systems  Division  to  analyze  orbital  propellant  depots  for  these  mission  scenarios 

and  vehicle  concepts. 

The  objectives  of  the  orbital  propellant  depot  analysis  were  to:  (1)  review  requirements  for  orbital 
depots,  (2)  perform  preliminary  trades  for  orbital  depot,  location,  configuration,  and  operation,  (3) 
perform  analysis  of  integration  compatibility  of  mission  vehicles  and  depots,  (4)  develop  initial 
depot  concepts,  (5)  identify  depot  technology  requirements,  and  (6)  estimate  non-recumng  and 
recurring  depot  facility  costs.  These  objectives  are  summarized  in  the  chart  “Orbital  Propellant 
Depot  Study  Objectives”.  This  report  summarizes  the  initial  findings  of  this  preliminary  study. 


V 


1-1 


o 

h- 

O 

LU 

CO 


H 

O 

5 


o 

cc 

H 


7-' 


Orbital  Propellant  Depot  Study  Objectives 


to  S'?  >> 

o 15  § 
c 
co 


CL 

0 

“O 


1 € 


o >-*  © * - 
cn  o = 


© 

c 

© 


c 
o 

i s 

.X  0) 

3 a 
cr  o 

© -r^ 


03 

> c 

Q O 

i—  ^ 

— CO 

k—  _ 

— = *o 

• • 03 

o *— 


c 

0 

03 

in 

To 

» 

o 

03 

a 

Q- 

>* 

© 

O 

c 

a 

o 

o 

« 

o 

o 

Q. 

CL 

© 

© 

"O 

•o 

03 

To 

#c 

*3 

"c 

3 

a 

CL 

© 

O 

w. 

© 

TJ 

> 

C 

0 

© 

03 

c 


w — Tf  .= 

r s — t 


03 

k- 

03 

$ 


O 

o 

c 

o 


CO 

‘35  75 
>^0-0 
CO  o C 
c .CO 
CO  -s 


« o 

O 03 

Q.  V 

03 
T3 


sw  o 

— X 0 


CO 

o a.  .2 
a.  ® “ 

0 W 


^ iS  > CD 

SI  " 


o 

IE 

03 

> 

c 

o 


c 

o 

c 

© 

To 

E 

To 

© 


= o — 

<a%  w 


“O 

c 


Isl®. 

O - C w 

a.  g ^ c 

— .2  o ® 
JS  73  >.  E 
2 - | £ 
o 5 *= 
© 2 To 


o S 
© 


a. 

E 

o 

a 


3 

cr 

© 


>» 

03 

_0 

o 

c 


CO 

5 Q-  c 

CS  g •— . r~ 

o E -5  *5 

.2.  o <u 

.Q  TI  -~ 

o © 3 z 

© .£  CL 

£ *o  -o 


Orbital  Propellant  Depot  Study  Objectives 


E « 

111  g 

l * 


£ o 

Is 

£ 8 

0.  -i 

£ o 

o §■ 
t Q 
o 

0.  • 


cs 

0 « 

1 I 

O 0 

8s 

a>  w 
>»  c 

u-  2 
0 H 
0 — 

£ J 

o a> 

fel 

co  a. 


a> 

u 

c 

(0  o 

Q.° 

«>  o 

8 §■ 
■i 


O Q. 

c 2 

ja  CL 

*0  O 

Q.  LU 
O -J 


Depot  Cost  Assessment 


SECTION  2 


REQUIREMENTS  ASSESSMENT 


The  following  requirements  taken  from  the  Space  Transfer  Concepts  and  Analysis  for  Exploration 
Missions  third  quarterly  review  by  Boeing  Aerospace  and  Electronics*  22  June  1990  were  assessed 
and  updated  where  appropriate.  Revisions,  annotations  and  comments  relative  to  the  requirements 
are  highlighted  with  bold  letters,  otherwise  the  requirements  are  deemed  valid  for  this  study.  The 
reference  in  brackets  refers  to  the  view  graph  chart  in  the  third  quarterly  review  package.  Vehicle 
configurations  are  shown  in  the  charts  “Cryo/AB  Reference  Configuration”  and  “Nuclear  Thermal 
Rocket  (NTR)  Configuration”. 

(1)  Mars  Transfer  System  (MTS)  [VG  2-01] 

(a)  All  passive  cryogenic  control  system. 

(b)  No  MTV-TMIS  fluid  transfer  before  earth  departure.  (MEV  tanks  refrigerated  or  filled 
after  MOI).  [VG  2-02] 

(2)  Mars  Transfer  Vehicle-Trans-Mars  Injection  Stage  (MTV-TMIS)  [VG  2-02] 

(a)  Passive  thermal  control  system  including  zero-g  thermodynamic  vent  system  coupled  to 
multiple  vapor  cooled  shields. 

(b)  TMIS  insulating  system  is  a continuously  purged  MLI  over  foam  design  optimized  for 
minimum  ground-hold,  launch,  and  orbital  boil-off.  Includes  vapor  cooled  shield 
(coupled  to  TVS)  outside  of  foam. 

(c)  TMIS  tanks  launched  late  in  assembly  sequence  to  minimize  orbital  stay  time  before  TMI 
bum  (6  months  - This  orbital  stay  time  increased  because  90  day  ETO 
launch  centers  were  used  where  possible). 

(3)  Mars  Excursion  Vehicle  (MEV)  [VG  2-03] 

(a)  Passive  cryogenic  storage  system:  MLI  with  vapor  cooled  shields. 

(b)  Gravity  field  environment  eliminates  need  for  zero-g  acquisition  and  venting. 

(c)  Vacuum  jacketed  ascent  tanks  for  Mars  boiloff  reduction. 
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(4)  Reference  Cryo/Aero'orake  Configuration  [VG  3-01] 

(a)  A core  stage  with  “plug-in”  propellant  tanks.  Tanks  and  core  stage  rendezvous  and  dock 
automatically.  Core  stage  provides  simple  plumbing.  Vehicle  assembled  in  SSF  orbit. 

(b)  MTV  prop.  85,141  kg. 

(c)  TMI  prop.  490,950  kg,  inert  stage  54,560  kg.  Six  liquid  hydrogen/LOX  tank  sets  (five 
plus  the  core)  each  7.4  m dia.  x 15  m w/  shielding. 

- (5)  Nuclear  Thermal  Rocket  [VG  3-10] 

(a)  Vehicle  assembled  in  SSF  orbit.  LH2  propellant  tanlrc 

(b)  Earth  Orbit  Capture  (EOC)  prop.  27,756  kg, 

Trans  Earth  Inject  (TEI)  prop.  59245  kg. 

One  EOCITEI  common  tank  10  m dia.  x 19m,  13,845  kg. 

(c)  Mars  Orbit  Capture  (MOC)  prop.  151,680  kg. 

Two  tanks  10  m diasc  17  m,  25J572  kg. 

( These  tanks  were  reduced  to  a one  tank  configuration  with  a mass  value 
equal  to  60  mT). 

(d)  Trans  Mars  Inject  (TMI)  prop.  286,146  kg.  Two  tanks  10  m dia.  x 30  m, 

43,092kg.  (Valid  for  missions  one  through  four  only). 

Mission  Model 

The  following  mission  model  has  been  assumed  for  the  trade  study  evaluation. 

(a)  Seven  missions  with  five  non-reusable  tank  sets  per  mission.  ( This  was  assessed  to  be 
three  tank  sets  for  the  minimum  science  missions  and  six  tank  sets  for  the  full 
science  missions). 
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SECTION  3 


ORBITAL  PROPELLANT  DEPOT  TRADES 


This  section  reports  on  the  orbital  propellant  depot  trade  evaluations  of  operational  location, 
accommodation  selection  (Space  Station  Freedom  verses  free  flyer),  and  propellant  transfer 
•methods.  Passive  verses  active  refrigeration  was  previously  evaluated  under  the  Long  Term 
Cryogenic  Storage  Facility  Study  and  not  repeated  under  this  contract. 

3. 1 OPERATIONAL  PROPELLANT  DEPOT  LOCATION 

Of  the  five  locations  identified  for  the  cryogenic  depot,  LEO  represented  the  lowest  mass  to  orbit 
and  lowest  operational  complexity  of  the  choices  of  LEO,  GEO,  Libration  Point  2,  and  LLO.  A 
summary  of  the  potential  depot  locations  is  shown  in  the  "Depot  Location  Sensitivity”.  The 
reduced  vehicle  mass  resulting  from  higher  launch  orbits  is  nonetheless  too  small  to  balance  out  the 
large  increase  in  ETO  Mass  required  to  ferry  MTS  and  depot  components,  the  result  being  an 
increase  in  overall  ETO  requirements.  With  no  assumption  of  Lunar  Propellant  Production,  Lunar 
vicinity  locations  lose  their  appeal  due  to  the  above  reasoning.  The  complexity  inherently  involved 
in  a split  mission,  LMO  or  Mars  surface  location- for  a cryogenic  depot  requires  more  detailed 
?n^nrinn  and  has  been  covered  in  a separate  section  of  this  report. 

Taking  the  above  reasoning  into  account  and  allowing  for  man-tended  personnel  requirements  of  a 
cryogenic  depot,  a SSF  co-orbiting  altitude  in  LEO  was  chosen  to  be  the  best  suited  target  location 
for  a baseline  of  the  depot  trade.  The  added  burden  of  establishing  risk  due  to  and  necessary 
shielding  required  against  micrometeoroid  and  orbital  debris  was  recognized  and  has  been  detailed 
in  a following  section  illustrating  shielding  requirements. 

3.2  SPACE  STATION  FREEDOM  OR  FREE  FLYER  DEPOT  ACCOMMODATIONS 
3.2.1  Introduction 

Given  the  co-orbiting  nature  of  the  baseline  depot  location,  two  possibilities  exist  colocating  the 
node  on  SSF  or  utilizing  a free-flying,  coorbiting  depot.  The  issues  associated  with  each  are 
given  in  the  chan  “SSF  Located  vs.  Separate  Free  Flyer”.  Given  the  stringent  requirements  for 
SSF  microgravity  experimentation  and  current  efforts  on  the  downsized  space  station 
configuration,  the  large  masses  reflected  in  the  depot  component  of  the  vehicle  propellant 
requirements  point  to  the  infeasibility  of  colocating  depot  tanks  on  SSF.  Vibrational  disturbances 
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of  both  high  and  low  frequency  occurring  during  mating  of  the  depot  tanks,  as  well  as  the 
comparable  mass  of  the  tanks  with  respect  to  station’s  downscaled  overall  mass,  add  severe 
operational  complexity  to  SSF  operations  and  may  also  lead  to  control  problems  due  to  the  large 
C.G.  shift  caused  by  incorporation  of  the  tanks. 

A separate  co-orbiting  free  flyer  configuration  would  clearly  add  complexity  to  the  infrastructure  as 
the  depot  would  incur  separate  power,  reboost/deboost,  and  GN  & C requirements.  These 
-components  have  been  incorporated  into  the  model  manifests.  Additional  requirements  are 
imposed  by  the  co-orbiting  nature  of  the  concept  With  respect  to  robotic  operations,  line-of-sight 
between  SSF  and  the  depot  must  be  maintained.  Man-tended  operations  require  that  the  depot  be 
located  within  the  range  of  STS  or  other  SSF-based  personnel  vehicles. 

Due  to  the  higher  density  and  reduced  cross-section  of  the  depot  configurations  with  respect  to 
SSF,  the  ballistic  behavior  of  a free  flying  depot  poses  the  need  for  deboost  as  well  as  reboost 
capability.  The  faster  decaying  orbit  of  SSF  would  cause  it  to  fall  and  accelerate  away  from  a 
depot  without  the  ability  to  pace.  The  option  exists  for  using  a greatly  reduced  aerobrake  or  other 
drag-inducing  device  which  could  be  actively  controlled  to  match  orbital  decay  rates  with  SSF, 
thus  saving  propellant  aboard  the  depot  and  possibly  eliminating  the  need  for  reboost  capability  of 
the.  depot,  relying  instead  on  LTV  or  similar  vehicles  to  provide  the  necessary  reboost  thrust  during 
SSF  reboost  phase. 

3.2.2  Orbital  Debris  Environment 

With  the  selection  of  LEO  for  the  SSF,  co-orbiting  depot  location  is  linked  the  burden  of 
identifying  the  orbital  debris  and  micrometeoroid  environment  and  determining  the  resultant  risk  to 
space  structures  so  that  they  may  be  sufficiently  shielded  from  such  threats.  The  orbital  debris 
environment  is  summarized  in  the  chans  “Orbital  Debris  Environment”. 

Although  traveling  at  hypervelocities  (-20  km/s),  micrometeoroid  panicles  do  not  pose  the  largest 
threat  to  the  integrity  of  space  structures.  Their  relatively  small  size  and  mass  overshadow  the  high 
speeds  with  which  they  impact  objects  in  orbit,  contributing  mostly  to  pitting  or  abrasion  of 
protective  coatings.  Their  random  entry  into  earth  atmosphere  makes  for  an  evenly  distributed 
fluence,  with  no  one  orientation  seeing  a concentration  of  impacts. 

Orbital  debris  on  the  other  hand  poses  a greater  risk.  Originating  from  intentional  or  accidental 
fragmentation  of  payloads,  spent  rocket  bodies,  or  jettisoned  payload  equipment,  these  large 
pamcles  carry  sufficient  velocity  (—7  km/s)  and  mass  to  cause  senous  damage  if  not  properly 
protected  against.  In  a report  on  orbital  debris  by  the  National  Security  Council,  data  from  ground 
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based  telescopes,  shuttle  data,  and  recovered  satellites  (Solar  Max,  Palapa  B)  were  used  to  model 
the  micrometeoroid  and  orbital  debris  environment  in  LEO.  Based  on  current  launch  rates,  a model 
for  the  orbital  debris  environment  in  2010  was  extrapolated,  revealing  the  predominance  of  the 
orbital  debris  threat  over  that  of  the  micrometeoroid  threat. 

A range  of  debris  sizes  from  1-4  cm  was  identified  as  the  most  threatening.  Above  or  below  these 
sizes,  methods  to  counter  damage  are  through  collision  avoidance  maneuvers  or  shielding, 
respectively.  However,  due  to  the  uncertainty  inherent  in  current  debris  cross-sectional  area 
measurements,  an  order  of  magnitude  uncertainty  in  panicle  size  was  considered  appropriate  to 
determine  impact  probability.  At  the  lower  end  of  the  range,  the  frequency  of  0.1  cm  objects 
striking  a space  structure  located  in  LEO  was  determined  to  be  .02  impacts  per  square  meter  • year, 
which  is  the  rate  employed  in  determining  impact  risk  to  vehicles  during  assembly. 

3.2.3  Impact  Risk 

Given  the  configuration  of  the  Cryogenic  All  Propulsive  (CAP)  and  Nuclear  Thermal  Rocket 
(NTR)  Conjunction  Class  Mars  Transfer  Vehicles  which  a depot  might  suppon,  overall  cross- 
sectional  areas  presented  by  the  vehicle  tanks  were  calculated  and  the  probability  of  impact  was 
determined  based  on  the  highest  fluence  found  for  particles  in  the  .1-4  cm  range,  this  being  .02 
impacts  per  square  meter  • year.  This  is  shown  in  the  chart  “Impact  Risk”. 

Based  on  the  assumption  of  90  day  launch  centers  for  delivery  missions  of  vehicle  components, 
the  long  duration  on  orbit  leads  to  a good  probability  of  impacts  over  the  assembly  life  of  the 
vehicle.  Implications  of  such  an  impact  on  an  unprotected  structure  are  serious.  Penetration 
resulting  in  loss  of  propellant  could  spawn  loss  of  vehicle  control  due  to  uncontrolled  thrusting  or 
loss  of  crew  member(s)  due  to  suit  contaminarion.  These  issues  are  covered  explicidy  in  the 
section  on  safety  issues. 

Impact  risk  drives  the  depot  configuration  as  shown  in  the  chan  “Shielding  Considerations”. 

3.3  PROPELLANT  TRANSFER  METHODS 
3.3.1  Introduction 

The  advantages  and  disadvantages  of  transferring  cryogenic  propellants  in  zero-g  and  ardficial-g 
environments  are  explored  in  this  trade  study.  The  “Zero-g  Versus  Ardficial-g  Liquid  Transfer 
Trade  Tree”  outlines  this  trade  study.  Liquid  hydrogen  and  liquid  oxygen  are  the  propellants 
considered  (Cryo/ Aero  brake  configuration).  The  sensitivity  of  the  results  to  only  liquid  hydrogen 
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Transfers  (Nuclear  Thermal  Rocket  configuration  ) is  also  examined.  There  are  five  main  areas 
involved  in  liquid  transfers:  liquid  acquisition,  receiver  tank  chilldown,  receiver  tank  filling, 
transfer  method,  and  pressure  control.  The  “Liquid  Transfer  Options  Versus  Depot  Concept” 
shows  that  the  technique  selected  for  each  area  is  specific  to  the  depot  concept.  There  are  a number 
of  techniques  for  acquiring  liquid  in  zero-g,  so  these  are  traded  first  to  obtain  the  “best”  zero-g 
system.  This  “best”  system  is  then  traded  against  other  types  of  liquid  transfer  which  are  germane 
to  the  particular  depot  concept. 

3.3.2  Propellant  Acquisition  Trade  Analysis 

3.3.2.1  Requirements.  The  primary  requirement  for  this  trade  is  that  pure  liquid  be  supplied  at  the 
tank  outlet  while  in  a zero-g  environment.  The  fluids  to  be  transferred  are  liquid  oxygen  and  liquid 
hydrogen.  The  supply  tanks  are  assumed  to  be  large  cylindrical  type  (>3m  diameter). 

3. 3 .2.2  Description  of  Candidate  Design  Approaches.  The  zero-g  propellant  acquisition 
candidates  can  be  grouped  into  three  broad  classes:  surface  tension,  positive  expulsion,  and  other. 
Surface  tension  devices  include  screened  channels,  single  or  double  screen  tank  linings,  and 
perforated  plates.  These  are  commonly  referred  to  as  Liquid  Acquisition  Devices  (LADs).  These 
devices  rely  on  the  surface  tension  to  wick  only  liquid  to  a tank  outlet.  Positive  expulsion  devices 
include  bladders,  bellows,  pistons,  and  diaphragms.  The  differences  between  bladders,  bellows, 
and  diaphragms  can  be  seen  in  “Three  Types  of  Positive  Expulsion  Systems”.  All  positive 
expulsion  devices  physically  move  a barrier  to  expel  liquid.  Other  devices  includes  a wide  range  of 
systems,  such  as  fluid  rotation  (by  paddle  or  tangential  jets),  tank  rotation,  dielectrophoresis 
(which  relies  on  the  dielectric  properties  of  the  fluid  to  orient  liquid  and  vapor  within  an  electric 
field),  and  acoustic/magnetic  devices. 

3.3.2.3  Comparison  of  Alternative  Approaches.  Initial  screening  of  the  candidate  approaches 
eliminated  all  but  the  five  shown  in  “Propellant  Acquisition  Trade”.  Piston  devices  were  eliminated 
because  of  their  inherent  high  weight  and  problems  associated  with  their  moving  cryogenic  seals. 
Dielectrophoresis  was  eliminated  because  no  operational  systems  are  available  (although  successful 
tests  were  completed  with  Freon  113  and  LN2  in  KC-135  flights).  Also  further  work  needs  to  be 
done  to  ensure  safety  for  use  with  L02.  Acoustic/magnetic  devices  were  deleted  from  further 
consideration  because  attempts  at  demonstrating  feasibility  were  nngnrrrecfni 

“Propellant  Acquisition  Trade”  shows  the  results  of  the  propellant  acquisition  trade.  Ratings  of  1— 
5 were  used  with  1 being  the  best  Surface  tension  devices  (LADs)  are  a clear  winner,  but  the 


other  candidates  are  closely  scored.  Transfer  time  didn’t  turn  out  to  be  a discriminator  because 
they  all  can  expel  liquid  at  reasonable  rates. 

The  primary  advantages  of  surface  tension  devices  over  the  other  systems  are  their  low  weight, 
simplicity,  fluid  compatibility,  and  long  useable  lifetime.  Although  their  use  has  not  yet  been 
demonstrated  with  cryogenic  fluids  in  zero-g.  This  presents  some  development  risk  since  these 
devices  fail  when  a portion  of  the  screen  unwets  and  vapor  can  be  drawn  into  the  tank  outlet. 
Screen  unwetting  with  cryogens  can  be  caused  by  heat  transfer  to  screens  which  vaporizes  liquid. 

Bladders  provide  a physical  barrier  between  the  liquid  and  the  pressurant.  They  are  a relatively 
simple  system.  Data  from  previous  development  work  (Reference  1)  indicates  that  collapsing 
bladders  are  preferable  to  the  expanding  type.  In  the  collapsing  bladder  system,  the  bladder 
collapses  around  a perforated  standpipe.  Bladders  have  been  used  successfully  in  non-cryogenic 
applications.  Material  compatibility  problems  present  a large  development  risk  for  use  with  L02 
and  LH2.  Materials  which  remain  flexible  at  cryogenic  temperatures  are  not  completely  safe  with 
L02.  A problem  with  using  these  bladders  with  LH2  is  that  the  hydrogen  can  permeate  the  plies 
and  cause  delamination  when  warmed  back  to  ambient  temperature.  Some  recent  work  has  been 
done  with  aluminum  bladders  for  non  cryogenic  fluids  (Reference  6).  If  these  could  be  applied  to 
cryogens,  they  could  solve  most  of  the  problems. 

Bellows  can  be  cycled  a large  number  of  times  (-1000  cycles)  without  fatigue  especially  at 
cryogenic  temperatures.  Another  advantage  of  this  system  is  that  it  eliminates  the  need  for  a zero-g 
macg  gage  because  the  amount  of  liquid  can  be  correlated  with  the  position  of  the  bellows.  A 
major  disadvantage  of  bellows  is  that  they  are  heavier  than  other  candidates.  Manufacture  of  large 
(>  lm)  diameter  bellows  presents  a significant  development  risk. 

The  diaphragm  considered  in  this  trade  is  a metallic  reversing  hemisphere.  The  primary  advantage 
of  this  system  is  the  low  residuals  (the  lowest  of  the  five  systems  considered  in  this  trade).  The 
main  disadvantage  is  the  low  number  of  reuse  cycles  (5-10  cycles). 

The  rotation  system  considered  for  this  trade  uses  a rotating  paddle  rather  than  tangential  jets. 
The  "lain  advantage  this  system  is  the  positive  positioning  of  the  liquid  so  that  mass  gaging  and 
venting  systems  can  be  easily  incorporated.  The  primary  disadvantages  are  the  need  for  a motor 
drive  system  and  the  high  residuals.  Also  this  system  is  better  suited  to  spherical  tanks. 

33.2.4  Sensitivities.  If  LH2  was  the  only  propellant  as  in  the  Nuclear  Thermal  Rocket 
configuration,  the  material  compatibility  problems  associated  with  L02  would  be  eliminated. 
However,  the  surface  tension  system  would  still  be  the  preferred  option. 
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33.2.5  Conclusion  and  Recommendations.  The  surface  tension  device  system  is  recnmmenrir.fi 
as  the  best  candidate  for  zero-g  liquid  acquisition.  Zero-g,  cryogenic  testing/demonstration  of 
LADs  are  required  prior  to  use  in  the  Advanced  Space  Transportation  Vehicle.  The  Cryogenic  On- 
Orbit  Nitrogen  Experiment  (CONE),  an  STS  flight  experiment  scheduled  for  1995,  will  be  testing 
LADs  with  LN2.  This  will  hopefully  provide  enough  data  to  verify  models  and  give  confidence  to 
LH2  and  L02. 

3.3.3  Depot  Concept  Trade  Analysis 

3.3.3. 1 Requirements.  The  requirements  for  this  trade  are  the  same  as  those  for  the  propellant 
acquisition  trade.  Namely  that  pure  liquid  be  supplied  at  the  tank  outlet  while  in  a zero-g 
environment.  The  fluids  to  be  transferred  arc  liquid  oxygen  and  liquid  hydrogen.  However,  there 
arc  not  any  constraints  on  the  size  or  geometry  of  the  supply  tanks. 

3.3.3 Description  of  Candidate  Design  Approaches.  The  four  depot  concepts  considered  in  this 
trade  are:  non  propulsive  (zero-g),  linear  propulsive,  rotating  propulsive  and  tether.  As  shown  in 
“Liquid  Transfer  Options  Versus  Depot  Concept”,  the  latter  three  concepts  all  use  the  sam* 
techniques  for  receiver  chilldown,  receiver  filling,  and  pressure  control  The  only  difference  being 
that  the  rotating  propulsive  concept  would  not  require  pumps  for  transfer. 

The  non  propulsive  concept  is  our  baseline  and  is  shown  in  “Depot  Concept  for  Support  of  CAP 
Vehicle”  and  “Depot  Concept  for  Support  of  NTR  Vehicle”  This  baseline  concept  is  essentially  a 
truss  structure  with  large  cylindrical  tanks.  The  tanks  contain  liquid  acquisition  devices  (LAD’s). 
This  passive  depot  concept  was  studied  extensively  under  the  Long  Term  Cryogenic  Storage 
Facility  Systems  Study. 

The  linear  propulsive  concept  consists  of  a structure  with  tanks  mounted  on  it  Thrusters  are 
mounted  on  the  structure  to  provide  a linear  thrust  The  liquid  can  than  be  settled  to  one  end  of  the 
tanks.  Settling  would  be  required  to  acquire  liquid  from  the  supply  tank  and  prior  to  any  venting. 

The  rotating  propulsive  option  consists  of  toroidal  tanks  which  rotate  about  their  centers. 
Thrusters  are  required  to  provide  rotation  which  forces  the  liquid  to  the  outside  of  the  tori.  By 
positioning  the  receiver  tank  at  a radius  greater  than  the  radius  of  revolution  of  the  torus,  transfer 
can  occur  without  a pump. 

The  tether  concept  relies  on  the  gravity  gradient  along  a radius  from  the  earth.  If  the  depot  has 
tanks  that  are  separated  by  a sizeable  distance  (e.g.  dumbbell),  then  the  axis  of  the  depot  will  align 
with  the  Earth’s  radius  and  will  orbit  at  a velocity  of  the  depot’s  center  of  mass  Since  the  liquid  in 
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the  tank  closest  to  the  earth  is  traveling  at  a velocity  less  than  that  required  to  keep  it  in  orbit  at  this 
distance  from  the  Earth,  the  liquid  will  be  pulled  toward  the  Earth.  Similarly,  in  the  tank  furthest 
from  the  Earth,  the  liquid  is  travelling  faster  than  required  to  keep  it  at  that  distance  from  the  Earth 
so  it  is  pulled  away  from  the  Earth.  Thus,  the  liquid  settles  away  from  the  center  of  mass  of  the 
depot  and  settled  operations  can  be  performed. 

3.13.3  rnmnarison  of  Alternative  Approaches.  The  amount  of  propellant  used  with  the 
propulsive  options  is  dependent  on  the  number  of  transfers  and  ventings  that  are  required.  These 
are  in  turn  dependent  on  the  number  of  missions,  tanker  capacities,  etc.  However,  the  propulsive 
option  presents  the  least  technical  risk  as  far  as  the  fluid  processes  are  concerned.  The  rotating 
depot  has  the  advantage  that  pumps  are  not  required  but  there  are  a lot  of  other  technical  risks 
associated  with  this  option. 

The  tether  concept  requires  large  tether  lengths,  for  example,  an  artificial  gravity  of  10-3  g’s  would 
require  a tether  length  of  1.4  nautical  miles  from  the  center  of  gravity.  The  main  advantages  of  this 
concept  are  that  it  is  passive  and  that  settled  chilldown,  transfer,  and  pressure  control  techniques 
can  be  used. 

33.3.4  Rffrnmmen elation.  Further  study  is  required  to  determine  which  of  the  concepts  is  best 
overall.  However,  the  baseline  concept  presented  elsewhere  is  the  non  propulsive  (zero-g)  system 
due  to  the  extensive  study  that  this  concept  received  under  the  Long  Term  Cryogenic  Storage 
Facility  Systems  Study.  This  trade  analysis  is  summarized  in  the  chan  “Depot  Concept  Trade 
Analysis”. 
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Source:  Report  on  Orbital  Debris,  National  Security  Council,  1988. 
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a radius  greater  than  the  radius  of  revolution  of  the  torus,  transfer  can  occur  wimoui  a pump. 

The  tether  concept  uses  the  gravity  gradient  to  orient  the  tanks  along  a radius  from  the  earth.  The 
depot  then  orbits  at  the  velocity  of  it’s  center  of  mass.  Liquid  settles  away  from  the  center  of  mass 
of  the  depot  and  settled  operations  can  be  performed. 
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Three  Types  of  Positive  Expulsion  Systems  (Propellant  Acquisition  Trade  Analysis) 
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were  eliminated  because  of  their  inherent  high  weight  and  problems  associated  with  their  moving 
cryogenic  seals.  Dielectrophoresis  was  eliminated  because  no  operational  systems  are  available 
(although  successful  tests  were  completed  with  Freon  113  and  LN2  in  KC-135  flights).  Also  further 
work  needs  to  be  done  to  ensure  safety  for  use  with  L02.  Acoustic/magnetic  devices  were  deleted 
from  further  consideration  because  attempts  at  demonstrating  feasibility  were  unsuccessful. 


Three  Types  of  Positive  Expulsion  Systems 


Diaphragm  System 


Propellant  Acquisition  Trade 

Surface  tension  devices  (LADs)  are  a clear  winner,  but  the  other  candidates  are  closely  scored. 


g g-cS’S.i 

E -2  ® ,n  o?  — 


co  — > p 

8 £ 2 « g 

■B  & 

Q.—  lo  3 ro 


.2  ^ 

*c  • co 

O)  u.  CD 

a>  £ $ 

o -Cl  ^ 


O £ *“  o 

u ° C * 

° c ® 5 

ffl  ® E- 


« .©  ® Z 


= i2g:§-oQ.co“§> 

03  c J=  '5  03  C”  E 

c 0)^3  5 n-j.  O Xl-D 

OWffiw^CD  = W> 
© -Q  c **  * CO  XZ 

? ac  ®5  §.^5-0 
ro.|8bcQ-alS 


1.2  ® co 

o > 5 co 

8. 8*8 -5 

ion-?  E 
a>  © to  52 

fl3  * C3  W 
3 ® 5=  >» 

. 03  >•*£  w 
* — — 


5?  « C W . OJ  c w' 

s a2|«|«Oj=®  ,g>  ” 
fi  P>«  tel  S EQ-J  =•“  *£ 


CD  CO 

O CD 

0.2 

il 

CO  O 

, ® E 

° m 
>s  © 

® CO 
© © 
CO  .t= 
3 D 
0 O" 
*-  © 


CD  CL 

C 

rn  C 


= -3  w .=  CJ  ^ .2:  ^ TO  £ m 

•§  O >-Il-§  frE  |5 

o*E  S-or  d"5  w 9-®o  03=  o> 


0-0 

J§ 

if 

$ CL 

52  03 


C 

CO  w 

° C 

| £ 

52  "co 
03  o 

>*'C 

03  03 

I’d. 

~ CO 

c o 
0 — 
> -o 

“Q  © 

c -=5 


S®r«pw=-o22fe0®Eg 
*5  Q-  03  ®2  2 03  03  TO  » _§  03  A CO 

51”  §>§.15  «£=■§£“« 

iQm^^-0©©  c"-E  ? .2  P © 


52 

3 « 

.£  03 

T3  ® 
© ® 
k—  ^ 

-O 

2 <j) 
03  Jr 
C ® 

o 12 

O 03 

P O 

:§2 


o 

C © 


§ 2:3  •*§  © £ Sm 

- ® te  m 2 ® . 


8*2 

03 

co  .2 
co  _ 

© E 
E © 

— CO 
© >* 
JC  © 

tr  co 

o *= 

(OpC 

ii 

5| 

>rr  03 
O *~ 

03 -C 
C _D3 

c .C 

.2  03 
.tS  03 
03  > 

, O CO 

Q._03 

03  «. 

> 3 
; ~ jQ 


3 C . 

.fc  03  TO 

03  ^ S 
£ 03  2 
H-  *C  O 


= ^ fell 

ro  ro  2-  ro  w O 0.-0  £ 
7:Q,EEQ)TE£r 
O © 8 £ *5.«  52  8 1— 


52  « -o 

0 2 8.52 

,J2  "O  03  2 
CO  *5  03  O 
3 -=i-0  CL 

1 ®1  © 

: Sf  5.= 


s ■ 

1.1 

8 §• 

TO  O 

w "2 
E 2 
52  S3 

o *£ 
0.0- 
>,  03 

s £ 

la  03 

If 

a.= 

E <S 

o *a 

co  2 

£ E 
g © 

03 

03  >* 
jC  © 
— . C 

C .2 
O 03 

•■5  c 

© 03 

TO  8 

c <2 

8 i 

rr-  W 

h| 

II 
•£  I 

03  O 

® X 
•o  • 

03  ^ 
03  © 
3 © 
CO  c 

§1 

CM  ® 

x © 

— 1 XI 

>*-o 

§1 

= s 


cr  . 
= > 
03K 

6 co 

k-  < 

a>  7 

N 03 
i-  -a 

o *“ 


^2  3 

Is 


Propellant  Acquisition  Trade 


O 

> 


Ratings  of  1-5  with  1 being  the  Best 


Depot  Concept  Trade  Analysis 
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SECTION  4 


MISSION  INTEGRATION  AND  MANIFESTING 


This  section  presents  a summary  of  the  exploration  scenarios  for  the  Mars  mission  models 
evaluated.  Three  fueling  options  were  considered  for  each  of  the  two  Mars  exploration  scenarios. 
This  analysis  helps  establish  depot  capacities  and  identifies  top  level  trends  when  a depot  is 
included  in  the  LEO  infrastructure. 

4.1  EXPLORATION  SCENARIOS 

Two  Mars  mission  models  were  supplied  to  use  as  references,  they  are  termed  the  Minimum 
Science  Scenario  and  the  Full  Science  Scenario.  These  two  models  of  extraterrestrial  exploration 
differ  greatly  in  scope,  as  their  names  might  suggest.  A comparison  of  the  two  scenarios  will 
show  exactly  how  the  two  vary  in  terms  of  human  presence,  technology  required,  strategy,  and 
cost  The  main  points  of  this  discussion  are  summarized  in  "Summary  of  Exploration  Scenarios  . 

The  Minimum  Science  Scenario  is  the  less  ambitious  of  the  two,  fulfilling  a philosophy  to  visit 
diverse  sites  on  the  Martian  surface  for  brief  human  exploration.  It  comprises  three  missions  over 
the  nine  years  from  2015  to  2023.  The  missions  in  each  case  are  identical  in  operations  and 
hardware,  but  visit  different  Martian  sites.  Each  is  a conjunction  class  mission  carrying  six  crew. 
The  Martian  surface  payload  is  delivered  by  two  landers,  and  consists  of  crew  accommodations  for 
30  days,  two  unpressurized  rovers  that  can  be  operated  manually  or  telerobotically,  and  other 
exploration  tools.  The  MTV  utilizes  cryogenic  liquid  hydrogen  (LH2)  and  liquid  oxygen  (LOX) 
propulsion,  and  is  totally  expended  through  staging  during  each  mission.  The  crew  eventually 
returns  to  Earth  by  Apollo-style  reentry.  This  program  is  somewhat  stand  alone,  meaning  a non- 
reliance  on  any  dedicated  space  infrastructure. 

The  Full  Science  Scenario,  on  the  other  hand,  places  an  emphasis  on  the  establishment  of  long 
term  bases  and  extensive  surface  exploration.  Two  manned  bases  are  founded  during  six  missions 
that  span  from  2009  to  2023.  Each  mission  is  unique,  and  fulfills  a particular  step  in  the 
establishment,  expansion,  and  consolidation  of  the  bases.  This  model  also  used  conjunction  class 
missions,  but  the  crew  size  increases  from  6 to  12  on  the  fourth  mission.  In  order  to  support  all  of 
this  activity  at  Mars,  the  MTV  utilizes  more  advanced  Nuclear  Thermal  Rocket  (NTR)  propulsion, 
which  is  assumed  to  be  mature  and  man-rated  by  2009.  The  propellant  for  this  propulsion 
technology  is  LH2  only.  Another  difference  from  the  Minimum  Science  Scenario  is  that  much  of 
the  MTV  is  refurbished  and  reused  after  its  return  to  Earth  vicinity.  The  reusable  parts  include  the 
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crew  habitat,  truss,  reactor,  engines,  and  shielding.  For  those  missions  which  employ  recycled 
MTVs,  only  the  payload,  MEVs,  and  crew  need  to  be  delivered  to  orbit.  Upon  capture  at  Earth, 
the  NTR  is  inserted  into  a high  orbit  An  LTV  must  act  as  a ferry,  bringing  propellant  to  the  NTR 
for  the  return  to  LEO,  and  retrieving  the  crew  returning  from  Mars. 

4.2  FUELING  OPTION  EVALUATIONS 

- A major  consideration  in  the  assembly  and  preparation  of  an  MTV  is  to  deliver  the  propellant 
required  for  the  mission  while  accounting  for  the  amount  of  propellant  lost  during  the  assembly 
phase,  which  can  at  times  be  significant.  Four  different  options  of  fuel  delivery  were  derived  for 
analysis.  The  first  is  termed  the  "direct  launch"  scenario.  The  others  are  identified  by  the  way  in 
which  the  MTV  tanks  are  delivered,  either  wet,  which  means  partly  filled,  or  dry,  which  mr»anc 
only  inert  tank  structure  is  delivered,  and  the  tank  will  be  filled  on  orbit  For  both  the  wet  and  dry 
launch  of  vehicle  tanks,  the  auxiliary  propellant  can  be  provided  from  either  a tanker  or  a depot 
The  options  were  prioritized  to  reflect  which  were  most  critical  for  comparison.  Dry  launch  of 
vehicle  tanks  was  not  addressed  in  this  study.  Initial  evaluations  indicated  that  dry  launch  of 
vehicle  tanks  would  require  additional  ETO  delivery  flights  that  may  be  unnecessary.  However, 
later  safety  evaluations  show  a benefit  for  dry  launch  of  vehicle  tanifg 

In  the  direct  launch  scenario,  the  MTV  tanks  arc  modified  in  either  capacity  or  number  to  account 
for  the  boiloff  during  the  remainder  of  the  assembly  phase.  It  is  desired  to  keep  the  propellants 
stored  on  orbit  for  as  short  a duration  as  possible,  so  they  are  delivered  last  to  the  assembly  site. 
The  mission  will  be  ready  for  departure  soon  after  the  final  tank  is  delivered  to  orbit 

The  tanker  top  off  case  assumes  the  MTV  to  be  assembled  with  partly  full  tanks  in  order  to 
minimize  ETO  delivery  flights.  The  tanks  are  then  filled  to  capacity,  or  topped  off,  from  higher 
capacity  propellant  tankers  as  the  final  step  before  departure.  A pictorial  summary  of  this  option  is 
given  in  "Tanker  Top  Off  Reference  Mission".  With  this  method  of  fuel  delivery,  the  boiloff 
penalties  imposed  by  having  the  large  amounts  of  propellant  on  orbit  for  the  assembly  phase  are 
avoided,  while  each  ETO  launch  is  still  being  utilized  efficiently.  The  tankers  used  here  are 
essentially  "dumb"  tanks,  carrying  the  minimum  requirement  of  structure,  instrumentation,  and 
insulation  to  maximize  the  propellant  load  for  the  given  launch  vehicle.  For  the  Full  Science 
Scenario,  the  tanker  need  carry  only  LH2,  but  the  Minimum  Science  Scenario  mnW»r  has  a dual 
configuration,  with  both  LH2  and  LOX.  Upon  arrival  at  the  assembly  area,  the  propellant  is 
immediately  transferred  to  the  vehicle  tanks  where  it  resides  until  use. 


The  depo.  top  off  case  also  seeks  to  decrease  the  boiloff  losses,  but  through  storage  in  better 
insulated  depot  tanks  rather  than  MTV  vehicle  tanks.  The  depo,  ts  assumed  <o  be  deployed  during 
an  independent  operation  to  takes  place  prior  to  the  first  MTV  element  launch.  The  depot  tots 
which  are  launched  full  and  expended  after  use  are  maneuvered  to  depot  proximity  by  an  advanced 
upper  stage.  A telerobotic  RMS  would  then  grapple  the  tankset  and  berth  it  to  the  depot  truss. 
These  depot  tanksets  are  delivered  after  the  MTV/MEV  hardware  has  been  delivered  and  integrated, 
but  before  the  less  efficient  MTV  tanks  are  launched  to  orbit.  After  the  vehicle  tanks  have  been 
delivered  and  assembly  is  complete,  the  MTV  undergoes  checkout  procedures  at  the  assembly 
node  It  will  then  transfer  over  to  the  depot  under  it's  own  power  for  topping  off,  then  depart  for 
Mars  from  to  location.  A summary  of  the  depot  top  off  option  is  presented  in  •'Depot  Top  Off 
Reference  Mission”.  It  should  be  noted  that  the  depot  in  the  Full  Science  Scenario  would  need  to 
accommodate  not  only  LH2  for  the  NTR,  bu,  the  LOX  needed  for  die  LTV  rendezvous  and 

propellant  delivery  mission. 

All  of  these  fueling  options,  direct  launch,  tanker  top  off,  and  depot  top  off,  were  applied  to  each 
of  the  Mars  exploration  scenarios.  The  whole  structure  of  this  trade  pee  is  shown  in  the  chan 
"Depot  Need  Assessment  Trade  Tree”.  The  dry  launch  options  for  fuel  delivery  were  not 
considered,  but  are  shown  in  the  figure  for  completeness. 

4.3  MANIFEST  ANALYSIS 

A systematic  approach  to  the  analysis  of  each  of  the  trade  study  cases  was  adopted  and  will  be 
summarized  here.  "Case  Analysis  Approach”  shows  this  approach.  The  first  step  was  to  1 enufy 
the  individual  components  of  the  MEV  and  MTV.  either  CAP  or  NTR.  Each  element  was 
characterized  in  terms  of  its  mass  and  packaged  dimensions.  These  discrete  elements  were  then 

i„  the  launch  vehicle  in  a way  to  minimized  the  number  of  ETO  flights  for  delivery. 

The  assumptions  under  which  this  is  done  are  spelled  out  in  ”ETO  Manifesting  Groundrules  and 
Assumptions”.  A complete  list  of  vehicle  components  and  manifests  for  each  HLLV  flight  are 
listed  in  the  chans  "CAP  Component  Data"  and  "NTR  Component  Data".  When  considemig  the 

Of  the  wet  MTV  tanks,  they  were  filled  to  whatever  capacity  was  required  to  bring 

down  the  ETO  flight  requirement  Based  on  this  vehicle  manifest  detailing  the  amount  and 
delivery  schedule  of  the  MTV  tanks,  the  boiloff  and  transfer  losses  could  be  calculated.  Thiswas 
done  on  the  basis  of  a flat  percentage  per  month  for  boiloff  and  a fixed  percent  rate  lost  per  metric 
ran  transferred.  A table  of  tankage  data  used  is  presented  in  the  chart  "Propellant  Tankage  Data  . 
These  three  steps,  component  identification,  manifesting,  and  loss  calculation,  were  common  to 
each  analysis.  What  was  done  with  this  data,  however,  varied  from  case  to  case,  as  described 

below. 
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For  the  direct  launch  case,  where  the  lost  propellant  must  be  delivered  in  the  MTV  vehicle  tanks, 
the  losses  were  used  to  redistribute  the  propellant  delivery  by  either  resizing  MTV  ranks  or  adding 
more  of  them.  These  new  additions  were  then  worked  into  the  manifest  as  shown  by  the 
directional  arrow. 

In  the  case  of  tanker  top  off,  the  boiloff  and  transfer  losses  were  used  to  find  the  number  of 
propellant  tanker  missions  required  to  top  off  the  vehicle  for  departure.  These  tanker  missions 
were  then  added  to  the  vehicle  delivery  manifest  as  the  final  mission  before  departure. 

For  the  depot  top  off  case,  the  propellant  lost  through  boiloff  or  transfer  had  to  be  replaced  with 
fuel  stored  at  the  depot  For  both  the  Minimum  Science  Scenario  and  Full  Science  Scenario,  the 
depot  was  sized  to  accommodate  the  largest  propellant  load  required  for  any  one  Mars  mission. 
Once  the  depot  is  sized,  the  ETO  flights  that  are  necessary  to  restock  the  depot  are  included  in  the 
ETO  manifest  before  the  MTV  tanks  are  delivered. 

4.4  INTEGRATION  AND  MANIFESTING  RESULTS 

An  important  indicator  of  the  practicality  and  cost  of  a LEO  system  is  the  number  of  launch  vehicle 
flights  required  to  place  and  maintain  the  system.  The  charts  "Minimum  Science  Scenario  ETO 
Requirements"  and  "Full  Science  Scenario  ETO  Requirements"  show  these  requirements  for  each 
of  the  fuel  delivery  options. 

The  height  of  each  bar  shows  the  total  number  of  flights  per  year,  and  the  shading  of  each  portion 
of  the  bar  indicates  the  specific  type  of  payload  carried.  The  order  of  delivery  in  each  year 
proceeds  from  the  bottom  of  the  bar  to  the  top,  and  the  numbers  in  each  boxed  division  show 
which  mission  the  payload  is  to  support  The  order  in  which  these  items  is  important  because  it 
impacts  directly  the  amount  of  boiloff  from  delivered  propellants.  The  tanks  with  the  largest 
boiloff  rate  or  largest  propellant  load  are  placed  as  close  to  the  end  of  tire  manifest  as  possible. 

It  should  be  noted  that  the  propellant  tanks  for  the  CAP  vehicle  needed  to  resized  in  the  direct 
launch  case.  The  TMI  tanks  were  taken  to  the  capacity  of  the  launch  vehicle,  120  metric  tons, 
while  maintaining  the  same  tank  mass  fraction.  With  an  upgraded  capacity  of  1 1 1 metric  tons  of 
propellant,  boiloff  during  assembly  could  be  accommodated  without  additional  tanks  The 
MOC7TEI  tanks  were  increased  to  75  metric  tons  for  die  same  reason. 

To  summarize  the  Minimum  Science  cases,  the  direct  launch  and  the  tanker  top  off  scenarios  both 
require  1 1 HLLV  flights  for  mission  delivery.  The  depot  top  off  case  requires  a total  of  12  HLLV 
flights  per  mission.  This  is  not  surprising,  considering  the  depot  boiloff  rate  is  only  02%  per 
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month  lower  than  the  MTV  tanks.  If  the  difference  were  greater,  we  may  expect  a greater  benefit 
from  using  the  depot. 

The  results  for  the  Full  Science  Scenario  are  presented  in  a similar  format  in  "Full  Science  Scenario 
ETO  Requirements".  A dramatic  increase  in  the  total  number  of  flights  is  required  by  the  larger 
number  of  missions.  Since  some  of  these  missions  fall  on  successive  conjunction  opportunities, 
pushing  the  ETO  flight  over  the  4 per  year  that  can  be  supported  by  one  launch  pad  with  a 90  day 
• turnaround.  If  launch  facilities  can  be  prepared  no  faster  than  90  days,  these  results  could  serve  to 
justify  the  existence  of  at  least  two  pads  with  associated  equipment  to  support  up  to  six  launches 
per  year.  A two  pad  scenario  would  seem  a prudent  alternative  when  considering  the  possibility  of 
catastrophic  failure  or  surge  operations.  Even  though  two  pads  were  necessary  in  scheduling  these 
flights,  efforts  were  made  to  spread  the  flights  equitably,  minimizing  the  flights  per  year. 

In  considering  the  direct  launch  option,  the  NTR  TM3  tanks  had  to  be  decreased  to  fit  on  a 120 
metric  ton  launch  vehicle  completely  full.  Maintaining  the  same  tanks  mass  fraction,  these  tanks 
were  reduced  to  103  metric  tons  each,  and  three  to  four  were  required,  rather  than  two.  The  aft 
tank  was  increased  to  75  metric  tons  from  its  previous  capacity  of  60  to  allow  for  boiloff.  Even 
though  all  the  propellant  is  being  launched  in  wet  MTV  tanks,  some  tanker  missions  are  still 
required  to  refill  the  aft  tank  before  reuse. 

To  summarize  the  resulting  flight  rate  for  the  Full  Science  Scenario,  the  depot  option  requires  one 
a^Hirinnal  ETO  flight  over  the  17  year  mission  model  than  the  tanker  option,  and  two  flight  more 
than  the  direct  launch  option.  This  is  a significant  improvement  over  the  depot  performance  in  the 
Minimum  Science  Scenario,  where  the  penalty  was  one  flight  per  Mars  mission.  This 
improvement  is  due  largely  to  the  fact  that  the  difference  between  the  depot  and  MTV  tank  boiloff 
for  hydrogen  only  is  1.0%  per  month,  larger  than  the  difference  for  the  combined  LH2-LOX 

tanks. 

Noticing  this  trend,  a short  sensitivity  trade  was  undertaken  to  further  investigate  this  relationship, 
it  was  desired  to  chart  the  behavior  of  the  system  as  the  MTV  tank  boiloff  rate  was  increased  to  two 
times,  then  three  times  the  reference  value.  In  order  to  fully  account  for  life  cycle  costs,  the  entire 
Mars  exploration  scenario  had  to  be  considered.  Because  it  is  less  intensive,  the  Minimum  Science 
Scenario  was  the  first  undertaken;  due  to  time  constraints,  only  that  scenario  could  be  completed. 
Only  the  tanker  top  off  and  depot  top  off  fueling  options  were  considered,  because  the  direct  option 
may  have  necessitated  drastic  redesign  of  the  propellant  tanks,  which  would  not  only  impact  the 
MTV  design,  but  mission  performance.  Graphical  results  of  this  analysis  are  provided  in  "ETO 
Plight  Rate  Sensitivity  to  MTV  Boiloff".  Over  the  complete  mission  model,  increasing  the  MTV 
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boiloff  by  a factor  of  three  will  add  another  12  flights  to  the  tanker  case,  but  only  three  to  the  depot 
case.  This  result  is  dramatic,  but  an  even  more  exaggerated  effect  may  be  observed  in  the  Full 
Science  Scenario. 
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Summary  Of  Exploration  Scenarios 
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The  method  of  analysis  for  each  of  the  three  fueling  options  is  shown.  The  first  step  was  to  identify  the  individual 
components  of  the  MEV  and  MTV  (whether  CAP  or  NTR)  and  characterize  each  component  in  terms  of  its  mass  and 
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• LOX  AND  LH  TANKS  INTEGRATED  ON  GROUND  AND  LAUNCHED  WET 
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O 5 
w c 
c ® 
O O 
•to  CO 

c ® 

a>  o 

E £ 


® CO 

i i 


co  se 
CO  2 


o 

ffi  ® 

2 co 

3-  >* 
® 

© c 
£ © 

5 -o 
« 3 

c 2 

j?  *1 

o 2 


This  chart  lists  the  quantity,  mass,  and  dimensions  of  the  components  used  for  the  manifesting  of  the  NTR  vehicle  in  the 
trade  analyses  done  on  the  Full  Science  Scenario. 
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Propellant  Tankage  Data 

This  chart  l.sts  the  critical  characteristics  ol  the  various  propellant  tanks  used  during  the  course  ol  this  stud/ 
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Minimum  Science  Scenario  ETO  Requirements 
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SECTION  5 


PROPELLANT  DEPOT  CONCEPTS 

5.1  LEO  PROPELLANT  DEPOT  CONCEPTS 

5.1.1  Concept  Description 

The  depot  concepts  presented  here  reflect  the  current  understanding  of  all-passive  thermal 
controlled,  zero-g  fluid  transfer  depot  technology,  which  was  initially  pursued  in  the  Long  Term 
Cryogenic  Storage  Facility  (LTCSF)  report  issued  by  General  Dynamics  Space  Systems  in  October 
1988.  Currently  work  has  been  conducted  on  zero-g  and  artificial  gravity  transfer  of  liquid 
propellants  which  has  been  included  within  this  report  in  a detailed  srrtion 

Four  LEO  orbital  propellant  depot  configurations  were  identified  as  potential  candidates  and  are 
shown  in  the  charts,  “Depot  Concept  for  Support  of  CAP  Vehicle”,  “Depot  Concept  for  Support  of 
NTR  Vehicle”,  “ET  Shielded  Depot  Configuration”,  and  “Gravity  Gradient  Stabilized  Depot 
Configuration”. 

Both  CAP  and  NTR  supporting  depot  configurations  utilize  a composite  truss  modeled  on  the 
current  Warren  type  (alternating  battens)  truss  baselined  for  use  on  SSF  due  to  its  improved 
torsional  stability  and  single  member  failure  tolerance.  It  will  be  of  a collapsible  design  to  facilitate 
stowage  and  deployment  in  order  to  minimize  EVA  requirements.  The  keel  section  of  the  truss  in 
the  NTR  configuration  offers  attach  points  far  tank  hardpoint  fixtures,  yet  offers  little  in  the  way  of 
strengthening,  such  that  the  members  for  both  configurations  would  be  rired  similarly  by 
flexibility  and  dynamics  constraints. 

Both  concepts  include  all-passive,  vented  tanks.  The  CAP  configuration  makes  use  of  three 
200,000  lb  LH2/LOX  tanks  proscribed  in  the  LTCSF  study.  The  largest  tank  size  was  selected 
based  an  payload  lift  capability.  The  NTR  configuration  makes  use  of  ninr  all  hydrogen  tanks  and 
one  oxygen  tank  to  supply  the  MTV  with  hydrogen  propellant  as  well  as  an  LTV  and  the  depot’s 
own  reboost  thrusters  with  both  hydrogen  and  oxygen  for  their  bi-propellant  thrusters.  Both 
configurations  employ  Vapor  Cooled  Shields  (VCS’s)  interspersed  amongst  MU  blankets  for 
passive  cooling,  utilizing  boiloff  from  die  hydrogen  tanks  as  the  heat  transfer  fluid  within  the  VCS. 
Both  are  zero-g  transfer  concepts  which  make  use  of  a Liquid  Acquisition  Device  (LAD). 


The  are  shielded  by  a separate,  deployable  "winged"  shield  comprised  of  aluminum  sheet, 
MLI,  and  a stand  off  to  protect  against  both  micrometeoroid  and  orbital  debris  damage.  M g 
dK  shield  out  of  a single  sheet  of  aluminum  is  prohibitively  weight  consuming.  By  employing  a 
in  the  design,  ejecta  from  the  less  weighty  outer  aluminum  barrier  are  redirected  at  more 
t-t-w  angles  to  the  inner  MU  layer  and  over  a larger  area  to  minimize  energy  concentranon  of 
the  initial  impact.  The  MU  blankets  then  absorb  the  remainder  of  any  energy  tmparte  y 
projectiles  penetrating  the  outer  shield,  thereby  leaving  the  tank  wall  free  from  the  sh.elding 
' system.  The  shielding  is  maintained  separately  from  the  tanks  to  minimiae  cross-sectional  area  and 
weight  as  weU  and  to  avoid  the  recurring  weight  penalty  involved  with  launching  the  shield  as  a 
portion  of  the  tank.  The  winged  configuration  is  employed  to  shield  the  faces  of  the  depot  most 
vulnerable  to  impact  by  orbital  debris  as  illustrated  in  the  chart  “Shielding  Considerations  . The 
45”  angled  wings  attempt  to  cover  the  tanks  from  debris  while  minimising  surface  area,  and  thus 

weight. 

Propellant  requirements  for  the  depots  were  summarised  and  shown  in  the  charts,  “CAP  Depot 
Configuration  Propellant  Requirements"  and  “NTR  Depot  Configuration  Propellant 

Requirements”. 

Tanks  were  siaed  according  to  manifested  propellant  needs  per  vehicle  mission.  Some  missions 
require  that  MTV  tanks  be  launched  partially  filled  such  that  the  launch  vehicle  payload  envelope  is 
more  fully  ntitireri.  tanks  being  primarily  mass  rather  than  volume  constrained.  This  "off-loaded 
propellant"  is  then  accounted  for  in  depot  capacity.  Additionally,  top  off  propellant  is  used  for  fuel 
which  is  off-loaded  for  mass  constraint  reasons.  Boiloff  and  transfer  losses  were  also  calculated 
for  the  fluid  based  on  their  launch  sequence  and  duration  on  orbit.  These  components  sum  to  the 
total  capacity  a depot  must  handle  in  order  to  supply  each  vehicle  with  its  full  complement  o 
propellant  prior  to  launch.  The  totals  which  were  used  to  size  both  depot  configuranons  are 
presented  in  the  chans  “CAP  Depot  Configuration  Propellant  Requirements”  and  “NTR  Depot 
rwtjn^rion  Propellant  Requirements”.  It  can  be  seen  that  an  increase  in  propellant  need  occurs 
in  Mission  5-6  for  the  NTR  vehicle.  The  NTR  depot  configuration  reflects  this  capacity. 
However,  for  the  first  four  missions,  propellant  requirements  are  such  that  only  seven  hydrogen 

tflTilr*  need  be  supplied. 

Solar  power  is  generated  by  the  deployable  panels  located  at  the  ends  of  each  miss.  The  panels 
were  sized  based  on  a 400  W/tank  need  for  the  LH2  tanks  and  the  660  W/tank  need  demonstrated 
by  the  LH2/LOX  tanks  as  explained  in  the  chan  “Solar  Panel/Power  Parameters”.  Both  employ 
alpha  and  beta  joints  for  sun  tracking.  GaAs  cells  are  baselined  for  improved  efficiency  and 
robustness.  On  the  CAP  configuration,  solar  panels  are  located  on  the  space  side  of  the  depot  to 
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minimize  shadowing  by  she  tank  shielding.  The  NTR  configuration  utilizes  larger  soiar  panels 
both  for  the  increased  power  demand  represented  by  the  greater  number  of  tanks,  and  because  of 
the  increased  shadowing  which  occurs  due  to  the  large  shield  employed  in  the  configuration. 

Reboost  capability  has  been  baselined  as  bi-propellant  100  lb  thrusters  which  feed  dinectlv  from  the 
depot's  own  stores,  alleviating  the  need  for  large  quantities  of  monooronellant  and  special 
dedicated  resupply  missions.  RCS  is  handled  by  two  sets  of  870  lb  hydrazine  thruster  pods.  GN 
& C is  handled  autonomously  on  board  and  is  monitored  at  station  through  telemetry. 

5.1.2  Opcrational/Integration  Issues 

In  order  to  better  utilize  the  mass  and  volume  capacity  of  the  launch  vehicle,  it  was  originally 
believed  that  mixing  components  from  the  MTV  and  depot  would  facilitate  manifesting.  However, 
it  was  found  that  sufficient  flexibility  existed  in  the  extensive  MTV  component  list  to  allow  either 
full  volume  or  mass  capacity  utilization  without  the  need  to  mix  components  from  the  depot. 
Furthermore,  no  immediate  gain  could  be  realized  by  separating  the  LH2  and  LOX  tanks  which 
comprise  the  propellant  tanks  for  the  CAP  Configuration  depot. 

In  order  to  avoid  impacting  the  MTV  assembly  schedule  or  assembly-crew  load,  the  depot  launch/ 
assembly  should  occur  before  inception  of  the  MTV  launch/assembly  phase.  Both  assembly 
phases  would  benefit  ftom  an  initial  platfotm  (either  STS  or  SSF)  from  which  to  deploy  the  truss 
structure.  In  order  to  facilitate  this  deployment,  the  truss  structure  shall  incorporate  a deployable 
design  to  minimize  EVA  demands* 

Telemetry  for  onboard  equipment  must  be  incorporated  to  allow  man-tended,  remote  monitoring  of 
the  depot  systems,  as  no  manned  habitat  or  crew  safe  haven  will  be  available  at  the  depot.  Life 
support  will  be  furnished  by  the  crew  transfer  vehicle  only. 

RMS  is  required  for  transfer  of  the  cryogenic  storage  tanks  from  the  LTV  or  other  ferrying  system 
to  the  depot  upon  orbital  insertion. 

Reboost/deboost  operations  will  be  monitored  remotely.  These  engines  will  feed  from  tank 

residuals  onboard  the  depot,  necessitating  resupply  missions  be  timed  to  coincide  with  the  rcboost 
phase. 

These  issues  are  summarized  in  the  chan  “Operational/Integration  Tco,~ 
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52  MARS  PROPELLANT  DEPOT  ASSESSMENT 
52.1  Mais  Depot  Architecture  Concept  Options 

Many  Mars  system  depot  architecture  options  are  capable  of  supporting  a large,  long-term  Mars 
exploration  program.  Several  are  shown  in  "Mars  Depot  Architecture  Concept  Options"  along  with 
their  potential  propellant  delivery  routes  (arrows). 

'Wherever  primary  propellant  production  sites  are  located  - Phobos,  Deimos,  or  Mars  surface  - a 
surface  propellant  depot  capable  of  storing  and  protecting  cryogens  against  the  ambient 
environmental  conditions  will  be  required.  At  least  two  orbital  locations  immediately  suggest 
themselves:  low  Mars  orbit  (LMO)  and  high  Mars  orbit  (HMO);  an  HMO  depot  would  have  orbital 
altitudes  comparable  to  the  moons.  An  LMO  depot  would  be  a logical  alternative  if  propellants 
were  originating  on  Mars,  although  it  could  also  be  supported  from  Phobos  and  Deimos. 
Likewise,  propellants  originating  on  the  moons  would  suggest  the  use  of  an  HMO  facility.  The 
most  attractive  option  will  be  determined  by  specific  Mars  mission  and  program  scenarios. 

52.2  Mars  Environmental  Issues 

Operating  near  and  on  Mars  means  encountering  an  entirely  new  set  of  orbital,  thermal, 
gravitational,  atmospheric,  and  surface  environments  that  can  be  crucial  to  the  operation  of  a Mars 
orbital  propellant  depot.  Summarized  in  "Mars  Environmental  Issues",  some  of  these  parameters 
are  well-known  but  others  have  not  yet  been  well-specified. 

At  1.5  AUs  from  the  Sun,  Mars  intercepts  less  than  half  of  Earth's  solar  flux  and  this  value  vanes 
considerably  due  to  Mars'  orbital  eccentricity  (solar  flux  at  Mars  is  490  to  710  W/m2  ).  The 
average  Bond  albedo  (0.16)  results  in  the  planet  having  much  lower  daytime  and  nighttime 
blackbody  surface  temperatures  than  Earth,  so  objects  in  Mars  orbit  receive  less  thermal  radiation 
from  Mars  than  they  would  comparable  orbits  around  Earth.  We  have  estimated  that  one  of  our 
LEO  depots  would  experience  a 25%  decrease  in  boiloff  rate  when  in  a similar  Mars  orbit  (it's  also 

a function  depot  spatial  orientation). 

The  general  meteoroid  environment  near  Mars  is  well-known  from  several  spacecraft  missions 
over  the  last  three  decades.  However,  there  are  good  theoretical  reasons  to  suspect  that  belts  of 
dusts  may  exist  in  orbits  near  the  satellite  moons  (particularly  Phobos).  These  may  pose  a threat  to 
the  integrity  of  any  spacecraft  or  human  exposed  to  them  for  too  long.  Plans  for  Mars  depots  must 
anticipate  and  evaluate  this  potential  threat  to  long-term,  routine  operations  in  these  orbits. 
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The  Martian  planetary  gravity  field  has  sizeable  irregularities  that  are  well  characterized.  However, 
if  operations  are  contemplated  near  Phobos  and  Deimos,  their  complex  local  gravity  field  must  be 
better  understood.  We  show  in  "Mars  Environmental  Issues"  one  theoretical  solution  for  the 
escape  velocities  as  a function  of  location  and  direction  on  Phobos.  They  range  from  3.5  m/s 
toward  Mars  at  the  sub-Mars  point  to  15.5  m/s  90  degrees  away  at  the  north  pole.  Deimos'  gravity 
variations  are  smaller  in  amplitude. 

Operating  on  the  Mars  surface  itself  is  a complex,  potentially  dangerous,  highly  challenging 
proposition.  The  24  hour  diurnal  cycle  may  drive  the  use  of  nuclear  power  on  the  surface.  Diurnal 
and  seasonal  variations  in  surface  temperature  and  atmospheric  properties  will  require  careful 
monitoring  of  cryogenic  fluids  being  produced  or  stored  near  the  surface. 

5.2.3  Mars  Depot  Location  Options 

Five  general  locations  (and  9 more  specific  regions)  suggest  themselves  as  potential  locations  for 
Mars  propellant  depots;  they  are:  Mars  orbit  (free  space),  Phobos,  Deimos,  Mars'  surface,  and  the 
Sun-Mars  libration  (L)  points.  A preliminary  list  of  advantages  and  drawbacks  is  shown  for  each 
region  in  "Mars  Depot  Location  Option  Summary".  This  Mars  depot  study  is  not  intended  to 
exhaustively  assess  the  attributes  of  each  location,  but  merely  to  present  preliminary  observations 
and  suggest  fruitful  avenues  for  future  analysis. 

5.2.3. 1 Mars  Orbits.  Each  location  is  typically  characterized  by  its  environmental  attributes,  the 
nearest  location  of  primary  propellant  production,  and  its  relation  to  the  anticipated  Mars  system 
infrastructure  and  exploration  program.  For  example,  three  types  of  Mars  orbits  appear  to  be 
potentially  useful  as  sites  for  Mars  propellant  depots;  1)  high,  elliptic  and  inclined  orbits,  2)  high, 
circular,  equatorial  (HMO,  high  Mars  orbit)  orbits,  and  3)  low  circular  orbits  (LMO,  low  Mars 
orbit).  High  elliptical  orbits  typically  will  have  orbital  elements  similar  to  incoming  interplanetary 
spacecraft  and  provide  a convenient  mechanism  to  execute  plane  changes.  Because  a depot  would 
only  experience  close  approaches  to  Mars  briefly  each  orbit,  it  would  suffer  relatively  moderate 
thermal  loads.  Nevertheless,  these  orbits  are  probably  the  least  attractive  sites  for  a propellant 
depot  because  of  their  relative  inaccessibility  to  the  Mars  surface,  LMO,  and  even  the  Martian 
moons.  Because  incoming  MTV  orbits  are  also  quite  variable,  it  would  be  difficult  to  find  an 
optimal  location  in  such  an  orbit  that  would  be  consistent  with  the  anticipated  Mars  exploration 
scenarios. 

High  circular  orbits  (i.e.  those  with  semi  major  axes  comparable  to  the  moons)  are  accessible  to 
Phobos  and  Deimos  and  are  far  removed  from  the  Mars  thermal  radiation  source.  Vehicles 
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operating  from  depots  in  these  orbits  would  still  face  a high  delta-v  m Mars  surface  as  well  as  some 
uniquemicrometeoroid hazards;  dtese  are  due  to regoirth dra,  has  been propelled  by  unpacts tnto 
the  complex  Mars-satellite  gravity  fields  near  the  moons. 

Low  Mars  orbits  arc  convenient  to  surface  operations  (the  ultima*  focus  of  any  Mats  program)  and 
die  most  likely  location  of  primary  propellant  production:  the  Mars  surface.  A depot  m LMO 
experiences  the  most  extreme  thermal  load  due  to  Mars  and  must  clrmb  most  of  the  Mars  gra  ty 
.well  to  escape.  Without  an  in-depth  evaluation  of  all  these  factors,  our  preliminary  suggestion  is 
that  LMO  seems  the  most  likely  location  for  an  early  depot  within  the  Mats  system. 

5 2 3 2 Photo  and  Deimos.  The  Martian  moons  provide  many  strategic  and  operational 
advantages  associated  with  the  exploration  of  Mars.  Them  very  weak,  milli-g  fields  and  poten 
for  in  sim  propellant  production  make  diem  potentially  pivotal  early  targets  for 
and  utilization.  Consistent  with  die  most  recent  Eanh-based  speemd  evidence  and  darn  from  die 
Soviet  Phobos  probe,  the  moons  of  Mars  are  expected  to  possess  bulk  compositions  charactetized 
by  significant  amounts  of  water,  hydrated  silicates,  and  hydrocarbons.  Models  of  asteroids 
(Phobos  and  Deimos  may  be  captured  asteroids)  include  the  possibility  drat  significant  ground  ice 
could  also  exist.  Theoretical  studies  suggest  that  if  ground  ice  ever  existed  in  Phobos 
presumably  on  Deimos),  it  should  still  be  there. 

Thus  in  addition  to  being  an  accessible  potential  primary  propellant  production  site.  Phobos ‘ “d 
pHnvw  can  also  serve  as  thermal  shadows  from  Mars  and  even  provide  a tmlli-g  gravity  field  for 
fluid  acquisition.  Because  the  moons  have  such  low  albedos,  the  fact  that  them  surfaces  are 
exposed  to  interplanetary  space  does  not  guarantee  them  extremely  low  temperatures.  Indeed, 
conduction  from  Phobos  or  Deimos  themselves  may  neutralize  any  anticipated  advantages  o 
locating  the  depot  near  or  on  their  thermally-sheltered  anti-Mara  sides.  It  is  also  important  to 
realize  that  the  low-gravtay,  dust-filled  envfronments  of  Phobos  and  Deimos  are  very  unusual  and 
by  the  time  humans  venture  forth  to  Mars  it  is  unlikely  that  any  human  operations  database  will 
exist  for  such  objects.  These  challenges  suggest  a more  cautious  approach  to  the  exploitation  o 
the  Martian  moons  than  their  bare  vital  statistics  might  suggest 

Propellant  depots  might  also  be  located  near  (but  not  actually  on)  Phobos  or  Deimos ' 

arc  known  to  exist  around  these  tiny  objects  and  their  vepr  minimal  local  gravity  &U ^tught 

stafionkeeping  a viable  option.  While  much  of  die  Mars  thennal  shield  might  be 

major  advantage  of  a near-satellite  orbital  location  would  be  to  avoid  the  complex  surface  tenarn 

and  environmental  hazards  of  the  moons  each  time  a vehicle  rendezvous  with  the  depot.  However. 
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it  should  be  noted  that  wherever  propellant  depots  are  located,  some  storage/transfer  function  will 
be  required  for  use  of  the  propellants  in  ME  Vs  and  MTVs. 

5 *2-3.3  The  Mars  Surface.  The  most  likely  site  for  some  type  of  primary  propellant  production  is 
on  the  surface  of  Mars  using  the  regolith  and/or  the  atmosphere.  The  1/3  g surface  gravity  field 
should  make  fluid  and  human  operations  relatively  normal.  A Mars  surface  depot  would  not  have 
most  of  the  flight  subsystems  required  of  an  orbital  facility.  However,  the  Martian  surface 
. environment  - particularly  its  thermal  radiation  - will  provide  the  biggest  challenges  for  producing 
and  storing  cryogenics.  Surface  atmospheric  conditions  (including  24-hour  diurnal  cycles)  will 
probably  require  use  of  nuclear  systems  for  power,  unlike  the  situation  for  orbital  depots.  One 
solution  to  large  expenditures  for  power  is  to  store  the  future  cryogenics  as  water  and  them 
split/liquify  them  as  their  use  requires. 

For  completeness,  the  Sun-Mars  L points  are  included  as  potential  depot  locations.  The  LI  point, 
being  over  one  million  km  from  Mars,  will  not  have  a significant  planetary  thermal  problem,  and 
the  location  is  conducive  to  interplanetary  operations.  Nevertheless,  the  site  is  sufficiently  remote 
from  the  Mars  propellant  production  locations  and  the  remainder  of  the  Mars  infrastructure  to  call 
into  question  whether  these  L points  possess  any  real  potential  for  a major  contribution  to  any  near- 
term  Mars  exploration  program. 

5.2.4  LEO- Mars  Depot  Commonalities 

3-2.4. 1 Preliminary  Assessment,  System,  technology,  and  operational  similarities  between 
depots  planned  for  potential  Martian  use  and  those  contemplated  for  LEO  are  important 
considerations.  If  significant  commonalities  exist  between  LEO  and  Mars  systems,  and  if  a 
mission  indeed  exists  for  a Mars  depot,  then  cost  and  schedule  savings  might  be  obtained  This 
top-level  look  at  commonalities  suggests  that,  in  some  locations  near  Mars,  the  LEO  system  might 
be  overdesigned  and  susceptible  to  significant  transference.  Conversely,  it  is  also  possible  that  the 
identification  of  both  an  important  mission  for  a depot  at  Mars  coupled  with  significant  LEO-Mars 
depot  commonalities,  might  influence  planners  to  recommend  that  such  a depot  be  built  even  if  the 
case  for  a LEO  depot  is  only  marginal.  "LEO-Mars  Depot  Commonalities  - Preliminary 
Assessment"  shows  our  initial  assessment  of  the  likely  commonalities  between  LEO  and  Mars 
depots  for  the  major  subsystems  and  operations  at  four  general  Mars  locations  (Phobos  and 
Deimos  are  considered  together). 

5.2.4.2  Maior  Subsystems.  Our  baseline  thermal  management  system  is  all  passive  and  vented. 
A similar  system  might  be  used  in  either  LMO  or  HMO  where  the  boiloff  due  to  planetary  thermal 
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Nation  will  be  less  than  in  LEO.  Pariculariy  tn  LMO.  a Marian  depot  tntght  benefit  from  the 
“w  to  avoid  or  tepefy  any  bodoff  due  to  the  scanty  of  Maruan 
of  the  presence  of  science  instruments  or  manned  operations  m the  vtctmty  of  the  dep  . 
unlikely  such  considerations  will  be  important  on  the  dusty,  milli-g  worlds  of  Phobos  and  Detmos, 
although  die  long-term  storage  of  cryogenics  on  Mars  itself  will  probably  require  refrtge  . 
Another  altemacve  is  to  produce  water  from  planetary  raw  materials  and  then «« » 
interval  before  the  propellants  are  required,  when  die  water  would  be  spht  and  liquefied, 
would  require  considerable  schedule  knowledge  and  control. 

With  die  exception  of  die  Mars  surface  and  its  moons,  all  Marian  orbits  could  offer  ae^g 
conditions  for  fluid  acqursition  and  transfer  sunilar  to  the  case  for  LEO  ^ ^ 

changeout  is  envisioned  for  LEO,  this  requires  a powerful  RMS  such  as  th 
unclear  whether  such  a system  will  be  available  near  Mars.  In  its  absence,  fluid  dans  er  won 
die  preferred  technique.  On  the  surfaces  either  technique  should  be  possible. 

Nuclear  power  systems  seem  preferable  on  planetary  and  satellite  surfaces  because  of 
cycles  Id  atmospheric  environments.  If  frequent  occultations  by  Mars  are  a problem  m L , 
depot  might  also  require  a nuclear  system.  HMO  is  not  frequently  occulted  by  Mars. 

Presendy  the  orbital  environment  of  Mars  does  not  suffer  from  debris  harards  as  such  although 
there  is  a’natural  micrometeoroid  population.  In  particular,  the  orbits  of  Phobos  and  Deunos  are 
likely  to  feature  enhanced  dust  lanes  because  of  impacted  regotith  previously  restdent  on  the 

moons'  surfaces. 

As  in  LEO,  a depot  near  Mars  will  probably  require  a TDRSS-like  system  to  support  it.  Depots  on 
Mars  or  Phobos  and  Deimos  will  have  well-defined  surface  locanons.  It  is  also  likely  hat  epo 
reboost  requirements  in  LMO  will  be  much  less  than  those  in  LEO  due  to  Mars  relaavely 

mb)  atmosphere. 

Unlike  LEO  depots,  it  may  be  more  efficient  to  locate  science  payloads  on  or  near  the  Mars  viemrty 
depot.  As  has  already  been  indicated,  this  can  have  significant  effects  on  depots  subsystems  an 

operations. 

5?  <5  Conclusions  and  Issues  For  Further  Study 

Taaues  For  Further  Study"  lists  a few  major  areas  that  could  benefit  from  more  study  to  further 
define  the  potential  role  for  a Mars  propellant  depot 
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The  Minimum  Science  Program  and  Full  Science  Scenario  are  only  two  of  the  many  scenarios  that 
can  be  envisioned  for  human  Mara  exploration  programs.  It  is  unlikely  that  a Mara  prope  am 
depot  would  be  required  for  the  former,  but  any  science,  resource,  or  settlement  scenario  that 
I anticipates  significant  operations  near  and/or  on  Mars  will  necessitate  the  use  of  in  situ  resources, 

1 in  particular  the  in  situ  production  of  propellants.  A depot  can  be  a logical  step  in  many  of  them. 

There  is  the  suggestion  from  tins  analysis  that  a Mars  depot  should  be  examined  further. 

• It  is  dear  that  several  of  the  options  for  a Mars  depot  architecture  are  attractive  and  should  be 
probed  and  evaluated.  It  is  tempting  to  suggest  that  the  Martian  moons  are  so  accessible, 
approachable,  and  wet  that  they  should  preempt  all  other  potential  targets  for  early  human 
exploration  and  utilization.  However,  their  unusual,  potentially  threatening  environments  may 
weaken  many  of  their  obvious  advantages  and  drive  us  to  the  surface  of  Mars  for  more  Earth-like 
working  environments.  This  question  needs  much  more  study. 

In  addition  to  the  locations  of  the  primary  propellant  production  sites,  the  Mars  depot  architecture  is 
also  influenced  by  environmental,  space  infrastructure,  and  exploration  program  considerauons 
The  problem  is  interwoven  in  a complex  way  with  all  the  other  complicated  exploranon  and 

architecture  plans  for  Mars, 

It  is  likely  that  depots  in  orbit  around  Mars  could  share  much  commonality  with  those  in  LEO. 
However,  surface  systems  will  be  different  in  many  ways.  Before  the  influence  of  commonality 
can  be  realistically  ascertained,  the  role  of  propellant  depots  in  the  Mars  exploration  program  must 

be  more  fully  defined. 

It  is  that  depots  near  Mara  will  be  enhanced  by  or  require  new  technologies.  For  example, 

higher  system  reliability  and  more  autonomy  would  be  valuable  at  Mara.  Likewise,  depots  capable 
of  interfacing  with  propellant  production  facilities  on  Mara  or  its  moons  must  eventually  be 
developed.  If  depots  are  located  on  or  near  Phobos  or  Deimos,  new  depot  technologies  will  have 

to  accommodate  these  environments. 

5.3  EVALUATION  OF  ON-ORBIT  SAFETY  HAZARDS 

The  key  safety  hazards  associated  with  orbital  vehicles  and  supporting  systems  have  been 
and  provide  a source  of  concern  for  on-orbit  operations  and  possible  vehicle  loss  with 
T...,  Mara  mission  disruption.  These  issues  are  presented  in  "Key  Potennal  Vehicle  Safety 

Hazards". 


5-9 


An  important  hazard  is  the  threat  of  the  pressurized  propellant  tanks  becoming  inadvertently 
propulsive.  This  is  possible  if  a meteoroid  or  space  debris  impact  and  punctures  the  vehicle  tanks. 
A rupture  due  to  overpressurization  could  have  a similar  effect.  We  do  not  consider  ignition  to  be 
a likely  possibility  in  space  because  of  the  need  for  appropriate  pressurization  and  ignition  energy. 
It  is  possible  to  obviate  these  hazards  by  appropriately  shielding  the  vehicle  tanks  or  providing  a 
propellant  depot  as  shown  in  "Depot  Advantages  in  Safety  Hazards  Abatement"  with  adequate  tank 
shielding  and  monitoring  the  evolution  of  pressure  within  the  structures.  Providing  a propellant 
depot  to  fuel-up  the  Mars  vehicles  just  prior  to  mission  operation  allows  the  vehicle  tanks  to  be 

empty  during  most  of  the  stay  time  in  LEO  orbit,  thereby  reducing  the  probability  of  occurrence  of 
a catastrophic  event. 

Hazards  during  EVAs  are  potentially  dangerous  for  the  crew.  This  is  particularly  important  for  the 
case  of  tank  leaks  that  physically  contact  the  EVA  suits.  Accidental  firing  of  a thruster  near  a 
crewperson  must  also  be  avoided.  Avoiding  leaks,  monitoring  EVAs,  and  making  the  times  of 
thrusting  and  EVAs  mutually  exclusive  will  help. 

If  tank  changeout  is  the  transfer  mechanism  of  choice  then  a large  RMS  will  be  a requirement,  and 
with  it  the  possibility  of  a malfunction  and  accident.  Likewise,  if  we  eliminate  the  shuffling  of  large 
tanks,  large  volumes  of  propellants  will  have  to  be  pumped  into  empty  vehicle  tanks.  Care  must  be 
taken  to  execute  these  sequences  nominally  and,  when  possible,  minimally. 

Nuclear  vehicles  become  hazardous  when  in  the  vicinity  of  other  systems  because  of  their  radiation 
fields  associated  with  their  reactors.  Proximity  operation  rules  must  be  established  for  nuclear 
vehicles  (particularly  in  LEO)  as  well  as  appropriate  shielding  of  humans  and  vital  components 
from  their  radiations. 
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Depot  Concept  for  Support  of  CAP  Vehicle 


RISK  ANALYSES 


Risk  analyses  were  conducted  to  develop  an  initial  risk  assessment  for  the  various  architectures. 
This  presentation  of  risk  analysis  results  considers  development  risk,  man-rating  requirements,  and 
several  aspects  of  mission  and  operations  risk. 

Development  Risk 

All  of  the  architectures  and  technologies  investgated  in  this  study  incur  some  degree  of 
development  risk;  none  are  comprised  entirely  of  fully  developed  technology.  Development  risks 
are  correlated  directly  with  technological  uncertainties.  We  identified  the  following  principal  risks. 

Cryogenics  - High-performance  insulation  systems  involve  a great  many  layers  of  multi-layer 
insulation  (MI  J),  and  one  or  more  vapor-cooled  shields.  Analyses  and  experiments  have  indicated 
the  efficacy  of  these,  but  demonstration  that  such  insulation  systems  can  be  fabricated  at  light 
weight,  capable  of  surviving  launch  g and  acoustics  loads,  remains  to  be  accomplished.  In 
addition,  there  are  issues  associated  with  propellant  transfer  and  zero-g  gauging.  These,  however, 
can  be  avoided  for  early  lunar  systems  by  proper  choice  of  configuration  and  operations,  e.g.  the 
tandem-direct  system  recommended  elsewhere  in  this  report.  This  presents  the  opportunity  to 
evolve  these  technologies  with  operations  of  initial  flight  systems* 

Engines  - There  is  little  risk  of  being  able  to  provide  some  sort  of  cryogenic  engine  for  lunar  and 
Mars  missions.  The  RL-  10  could  be  modified  to  serve  with  little  risk;  deep  throttling  of  this  engine 
has  already  been  demontrated  on  the  test  stand.  The  risk  of  developing  more  advanced  engines  is 
also  minimal.  An  advanced  development  program  in  this  area  serves  mainly  to  reduce  development 
cost  by  pioneering  thecritical  features  prior  to  full-scale  development 

Aerocapture  and  aerobraking  - There  are  six  potential  functions,  given  here  in  approximate 
ascending  order  of  development  risk:  aero  descent  and  landing  of  crew  capsules  returning  from  the 
Moon,  aerocapture  to  low  Earth  orbit  of  returning  reusable  lunar  vehicles,  landing  of  Mars 
excursion  vehicles  from  Mars  orbit,  aero  descent  and  landing  of  crew  capsules  returning  from 
Mars,  aerocapture  to  low  Earth  orbit  of  returning  Mars  vehicles,  and  aerocapture  to  Mars  orbit  of 
Mars  excursion  and  Mars  transfer  vehicles.  Figure  x.x  provides  a qualitative  development  nsk 
comparison  for  these  six  functions. 

/ 
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Aerocapture  of  vehicles  requires  large  aerobrakes.  For  these  to  be  efficient,  low  mass  per  unit  area 
is  required,  demanding  efficient  structures  made  from  very  high  perfotmance  matena  s as  we  as 
efficient,  low  mass  thermal  protection  materials.  By  comparison,  the  crew  capsules  benefit  muc 
less  from  high  performance  structures  and  TPS. 

Launch  packaging  and  on-orbit  assembly  of  large  aerobrakes  presents  a significant  development 
risk  that  has  not  yet  been  solved  even  in  a conceptual  design  sense.  Existing  con“P'5  pac 
poorly  or  are  difficult  to  assemble  or  both.  While  the  design  challenge  can  probably  m , 
aerobrake  assembly  is  a difficult  design  and  development  challenge,  represennng  an  important  area 

of  risk. 

Nuclear  thermal  rockets  - The  basic  technology  of  nuclear  thermal  rockets  was  developed  and 
demonstrated  during  the  1960s  and  early  1970s.  The  development  risk  to  reproduce  this 
technology  is  minimal,  except  in  testing  as  described  below.  Current  studies  are  recommen  ng 
advances  in  engine  performance,  both  in  specific  impulse  (higher  reactor  temperature)  and  m 
thrust-to-weight  ratio  (higher  reactor  power  density).  The  risks  in  achieving  these  are  modest 
inasmuch  as  performance  targets  can  be  adjusted  to  technology  performance. 

Reactor  and  engine  tests  during  the  1960s  jetted  hot,  slighdy  radioactive  hydrogen  directly  into  the 
atmosphere.  Stricter  environmental  controls  since  that  time  prohibit  discharge  of  nucle^engine 
effluent  into  the  atmosphere.  Design  and  development  of  full  containment  test  factlmes  presents 
greater  development  risk  than  obtaining  the  needed  performance  from  nuclear  reactors  and  engtn 
Full*  containment  facilities  will  be  required  to  contain  all  the  hydrogen  effluent,  presumably  oxidize 

it  to  water,  and  remove  the  radioactivity. 

Electric  Propulsion  Power  Management  and  Thrusters  - Power  management  and 
thrusters  are  common  to  any  electric  propulsion  power  source  (nuclear,  solar,  or  beame  power^ 
Unique  power  management  development  needs  for  electric  propulsion  are  (1)  nun, mum  mass  and 
long  life  (2)  high  power  compared  to  space  experience.  i.e.  megawatts  instead  of  kilowatts 

high  distribution  voltage  and  potential  problems  with  plasma  losses,  arcing,  and  . 

power  management  is  a mature  technology,  the  unique  requirements  of  electric  propulsion 

introduce  a number  of  development  risks  beyond  those  usually  experienced  in  space  power 

svstems. 
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Electric  thruster  technology  has  been  under  development  since  the  t-cin  • t u 

Small  thrusters  are  now  operational,  such  as  the  ZZ,T  ? 

_ • ’ esistance-heat-augmented  hvdrazine  thrusters  on 

certain  communications  spacecraft  Small  arc  and  inn 

satellite  stationkeeping.  *****  « *>r 

,SetaoCerTf  ““  T"*  Pr0P“,SI°"  Pdrf“  P»*  a pmmtum  on  high  power  in  the 
jet  per  unit  mass  of  electric  propulsion  tk- 

• efficiency-  nnu/o  • u • y m'  This  in  turn  places  a premium  on  thruster 

on  m JW’  n0‘  e‘eCniCai  P°WCr'  prop‘ls  ^ships.  Space  transfer  electric 

propulsion  also  requtres  specific  impulse  in  the  tange  5000  to  10,000  seconds.  Only  ion  thrusters 

a~e  ^ ^ P'*™.  Ion  thmsters  have 

techno!  !T  "y  l0W  P°Wer  per  of  i0"  ‘“am  emitting  area.  MPD  thruster 

«h„ology  can  dehver  the  needed  Isp  with  high  power  per  thrusier,  bu,  has  no,  yet  ZId 

effictenc.es  of  tnterest.  Circular  ion  tasters  have  been  bull,  up  l0  50  cm  diameter,  widt  spheral 

need  Mo”  *7  ^ abS°rb °n  thc  ordcr of  50 kWe each.  A 10 MWe  system  would 
need  200  operating  tasters.  The  development  alternatives  all  have  significant  risk-  (,)  Advance 

17  r °f  r ItajSKrS  10  achieve  hi*b  m develop  pro  IS  nt  1 

Zs  "Um 7 ,hn,SKrS  COnml  “ « O)  Advance  the  Z of  the  art  o Z 

thrusters  to  much  larger  size  per  thruster.  lon 

Nuclear  power  .for  electric  propulsion  - Space  power  reactor  technology  now  under 
develops,  (SP-100,  may  be  adequate;  needed  advances  are  modest.  Advanced  pow 
I—  » 10  0b‘“  P°wer_to-mass  ratios  oftntetest.  The  SP-,00  baseHne  is 

ltkeZ  7 "°  h°Pe  °f  m“,ing  Pr°PUlSi0n  system  P^°™an«  needs.  The  most 

cvcZ  rp  ;‘°Sed  Brayt°"  <EaS)  Cyde  “d  the  Podium  Rankine  (Hquid/vapor) 

cycle.  (Potassium  provides  the  best  match  of  liqutd/vapor  fluid  properties  to  desired  cycle 

temperatures.)  Snrhng  cycle,  thermionics,  and  a high-  temepentnne  themtally-driven  fuel  cell  are 

possibilities.  The  baste  technology  for  Bray, on  and  Rankine  cycles  are  mature;  bod.  are  in 

widespread  industrial  use.  Pro.oiype  space  power  Bray, on  and  Rankine  lurbines  have  ru“ 

uccessful  y for  thousands  of  hours  in  laboratories.  The  development  risk  hem  is  that  these  are 

very  complex  systems;  them  ,s  no  experience  base  for  coupling  a space  power  mac, or  to  a dynamic 

power  conversion  cycle:  there  is  no  space  power  exDeripnrp  hac*  „ , . 

F ” cr  expenence  base  at  the  power  levels  needed;  and 

these  systems,  a,  power  levels  of  interest  for  SEI  space  transfer  application,  are  large  enough  to 

Zemblyn  SPaC'  aS“mbiy  a"d  CheCk°m'  SPaK  Wdd“g  WU'  * reqUircd  f°r  fl“id  SySlems 
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Solar  power  for  space  transfer  propulsion  - Solar  power  systems  for  space  propulsion 
must  attain  much  higher  power-to-mass  ratios  than  heretofore  achieved.  This  implies  a combination 
of  advanced  solar  cells,  probably  multi-band-gap,  and  lightweight  structural  support  systems. 
Required  array  areas  are  very  large.  Low-cost  arrays,  e.g.  S 100/wan,  are  necessary  for  affordable 
system  costs,  and  automated  construction  of  the  large  area  structures,  arrays,  and  power 
distribution  systems  appears  also  necessary.  Where  the  nuclear  electric  systems  are  high 
development  risk  because  of  complexity  and  the  lack  of  experience  base  at  relevant  power  levels 
and  with  the  space  power  conversion  technologies,  most  of  the  solar  power  risk  appears  as 
technology  advancement  risk.  If  the  technology  advancements  can  be  demonstrated,  development 
risk  appears  moderate. 

Avionics  and  software  - Avionics  and  software  requirements  for  space  transfer  systems  are 
generally  within  the  state  of  the  an.  New  capability  needs  are  mainly  in  the  area  of  vehicle  and 
subsystem  health  monitoring.  This  is  in  pan  an  integration  problem,  but  new  technoques  such  as 
expen  and  neural  systems  are  likely  to  play  an  important  role. 

An  important  factor  in  avionics  and  software  development  is  that  several  vehicle  elements  having 
similar  requirements  will  be  developed,  some  concurrently.  A major  reduction  in  cost  and 
integration  risk  for  avoinics  can  be  achieved  by  advanced  development  of  a "standard"  avionics  and 
software  suite,  from  which  all  vehicle  elements  would  depart. 

Further  significant  cost  savings  are  expected  from  advancements  in  software  development  methods 
and  environments. 

Environmental  Control  and  Life  Support  (ECLS)  - The  main  development  risk  in  ECLS 
is  for  the  Mars  transfer  habitat  system.  Other  SEI  space  transfer  systems  have  short  enough 
operating  durations  that  shuttle  and  Space  Station  Freedom  ECLS  system  derivatives  will  be 
adequate.  The  Mars  transfer  requirement  is  for  a highly  closed  physico-chemical  system  capable  of 
3 years'  safe  and  dependable  operation  without  resupply  from  Earth.  The  development  risk  arises 
from  the  necessity  to  demonstrate  long  life  operation  with  high  confidence;  this  may  be  expensive 
in  cost  and  development  schedule. 

Man-Rating  Approach 

Man-rating  includes  three  elements:  (1)  Design  of  systems  to  manned  flight  failure  tolerance 
standards,  (2)  Qualification  of  subsystems  according  to  normal  man-rating  requirements,  and  (3) 
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High!  demonstration  of  critical  performance  capabilities  and  functions  prior  to  placing  crews  at 
nsk.  Several  briefing  charts  follow:  the  first  summarizes  a recommended  approach  and  lists  the 

subsystems  and  elements  for  which  man-rating  is  needed;  subsequent  charts  present  recommended 
man-rating  plans. 

Mission  and  Operations  Risk 

These  risk  categories  include  Earth  launch,  space  assembly  and  orbitasl  launch,  launch  windows, 
mission  risk,  and  mitigation  of  ionizing  radiation  and  zero-g  risks. 

Earth  launch  - The  Earth  launch  risk  to  in-space  transportation  is  the  risk  of  losing  a payload 
because  of  a launch  failure.  Assembly  sequences  are  arranged  to  minimize  the  impact  of  a loss,  and 
schedules  include  allowances  for  one  make-up  launch  each  mission  opportunity. 

Assembly  and  Orbital  Launch  Operations  - Four  sub-areas  are  covered:  assembly,  test  and 
on-orbit  checkout,  debris,  and  inadvertent  re-entry. 

Assembly  operations  risk  is  reduced  by  verifying  interfaces  on  the  ground  prior  to  launch  of 
elements.  Assembly  operations  equipment  such  as  robot  arms  and  manipulators  will  undergo  space 

testing  at  the  node  to  qualify  critical  capabilities  and  performance  prior  to  initiating  assembly 
operations  on  an  actual  vehicle. 

Assembly  risk  varies  widely  with  space  transfer  technology.  Nuclear  thermal  rocket  vehicles 

appear  to  pose  minimum  assembly  risk;  cryo/aerobraking  are  intetmediate,  and  nuclear  and  solar 
electric  systems  pose  the  highest  risk. 

Test  and  on-orbit  checkout  must  deal  with  consequences  of  test  failures  and  equipment 
failures.  This  risk  is  difficult  to  quantify  with  the  present  state  of  knowledge.  Indications  are:  (1) 
large  space  transfer  systems  will  experience  several  failures  or  anomalies  per  day.  Dealing  with 
failures  and  anomalies  must  be  a routine,  not  exceptional,  part  of  the  operations  or  the  operations 
will  not  be  able  to  launch  space  transfer  systems  from  orbit;  (2)  vehicles  must  have  highly  capable 
self-test  systems  and  must  be  designed  for  repair,  remove  and  replace  by  robotics  where  possible 
and  for  ease  of  repair  by  people  where  robotics  cannot  do  the  job;  (3)  test  and  on-orbit  checkout 
will  run  concurrently  with  propellant  loading  and  launch  countdowns.  These  cannot  take  place  on 
Space  Station  Freedom.  Since  the  most  difficult  part  of  the  assembly,  test  and  checkout  job  must 
take  place  off  Space  Station  Freedom  the  rest  of  the  job  probably  should  also. 
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Orbital  debris  presents  risk  to  on-orbit  operations.  Probabilities  of  collision  are  large  for  SEI- 
class  space  transfer  systems  in  low  Earth  orbit  for  typical  durations  of  a year  or  more.  Shielding  is 
mandatory.  The  shielding  should  be  designed  to  be  removed  before  orbital  launch  and  used  again 
on  the  next  assembly  project. 

Creation  of  debris  must  also  be  dealt  with.  This  means  that  (1)  debris  shielding  should  be 
designed  to  minimize  creation  of  additional  debris,  especially  particles  of  dangerous  size,  and  (2) 
operations  need  to  be  rigorously  controlled  to  preventinadvertent  loss  of  tools  and  equipment  that 
will  become  a debris  hazard. 

Inadvertent  reentry  is  a low  but  possible  risk.  Some  of  the  systems,  especially  electric 
propulsion  systems,  can  have  very  low  ballistic  coefficient  and  therefore  rapid  orbital  decay  rate. 
Any  of  the  SEI  space  transfer  systems  will  have  moderately  low  ballistic  coefficient  when  not 
loaded  with  propellant.  While  design  details  are  not  far  enough  along  to  make  a quantitative 
assessment,  parts  of  these  vehicles  would  probably  survive  reentry  to  become  ground  impact 
hazards  in  case  of  inadvertent  reentry.  For  nuclear  systems,  it  will  be  necessary  to  provide  special 
support  systems  and  infrastructure  to  drive  the  probability  of  inadvertent  reentry  to  extremely  low 
levels. 

Launch  Windows  - Launch  windows  for  single-bum  high-thrust  departures  from  low  Earth 
orbit  are  no  more  than  a few  days  because  regression  of  the  parking  orbit  line  of  nodes  causes 
relatively  rapid  misalignment  of  the  orbit  plane  and  departure  vector.  For  lunar  missions,  windows 
recur  at  about  9-day  intervals. 

For  Mars,  the  recurrence  is  less  frequent,  and  the  interplanetary  window  only  lasts  30  to  60  days. 
It  is  important  to  enable  Mars  launch  from  orbit  during  the  entire  interplanetary  window.  Three - 
impulse  Mars  departures  make  this  possible;  a plane  change  at  apogee  of  the  intermediate  parking 
orbit  provides  alignment  with  the  departure  vector.  Further  analysis  of  the  three-bum  scheme  is 
needed  to  assess  penalties  and  identify  circumstances  where  it  does  not  work. 

Launch  window  problems  are  generally  minimal  for  low-thrust  (electric  propulsion)  systems. 

Mission  Risk  - Comparative  mission  risk  was  analyzed  by  building  risk  trees  and  performing 
semi-quantitative  analysis.  The  next  chart  presents  a comparison  of  several  mission  modes;  after 
that  are  the  risk  trees  for  these  modes. 
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Ionizing  Radiations  and  Zero  G - The  threar  ..  . 
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Nuclear  systems  operations  present  little  nsk  to  flight  crews.  Studies  by  University  of  Texas  a, 
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Expected  unpact  for  lunar  nusstons  is  negligible  and  for  Mara  missions,  modest 
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Cryo/Aerobrake  Mission  Risk  Tree 
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Cryo/Aerobrake  Mission  Risk  Tree 
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Nuclear  Electric  Mission  Risk  Tree 
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Mars  Direct  Mission  Risk  Tree  - Crew  Mission 


Mars  Direct  Mission  Risk  Tree  - Cargo  Mission 
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Nuclear  Rocket  Dash  Mode  Mission  Risk  Tree 
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Nuclear  Rocket  Split  Sprint  Mission  Risk  Tree 

Crew  Mission 
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Man  Rating  Requirements 

The  facing  page  describes  our  recommended  approach  to  man-rating  and  lists  the  systems/ 
subsystems  for  which  we  believe  man-rating  is  required.  Following  pages  present 
recommendadons  for  man-rating  programs  for  all  but  four  of  the  systems.  Three  of  those  not 
presented  (Crew  modules/hab  systems,  Vehicle  power,  and  Surface  transportation)  are  judged 
suited  for  man-rating  by  normal  space  qualification  means.  If  advanced  technologies  are  adopted 
for  any  of  these,  a specific  overall  man-rationg  program  should  be  defined. 

The  fourth  is  not  presented  because  there  are  basic  questions  as  to  overall  approach.  This  is  the 
need  for  vehicle  health  monitoring  and  on-board  maintenance  systems.  This  is  a mix  of 
subsystems  technology  and  health  monitoring  and  diagnostics  technology.  A key  issue  here  is  to 
select  the  general  technical  approach:  (a)  what  kinds  of  sensors,  (b)  what  kidns  of  subsystem 
models,  (c)  what  kinds  of  logic  (fault  detection  by  sensors  vs.  inference  of  failures  through 
system/subsystero  state  comparison  with  math  models  of  normal  and  degraded  performance),  and 
(d)  what  new  technologies  (expert  systems;  neural  nets)  and  how  these  can  be  integrated  into  an 
overall  health  maintenance  architecture  and  validataed  for  safe  and  successful  use  on  long-duration 
missions.  The  need  goes  beyond  health  monitoring  and  diagnostics;  it  is  also  necessary  to  develop 
an  on-board  maintenance  system  that  can  instruct  the  crew  how  to  perform  maintenance  and  how  to 
perform  any  testing  not  built  in  to  the  health  monitoring  system.  Demonstration  of  the  overall 
capability  for  Mars  missions  is  included  on  the  Mars  avionics  chart. 

Man-Rating  Approaches 

A set  of  charts  present  recommended  man-rating  approaches  for  aerobrakes,  cryogenic  rocket 
engines,  nuclear  rocket  engines,  cryogenic  propellant  system,  auxiliary  (attitude  control) 
propulsion  systems,  nuclear  and  solar  electric  propulsion  systems,  ECLSS,  and  Avionics  and 
communications  systems. 

The  aerobraking  approach  makes  use  of  the  lunar  tandem  LTV  booster  as  a full-size  lunar 
aerobrake  testbed,  together  with  reliance  on  ground-test  facilities  and  CFD.  The  Mars  aero  brake  is 
qualified  on  an  unmanned  cargo  delivery  mission. 

The  cryogenic  rocket  engine  program  is  a conventional  one  of  technology  demonstration,  flight 
hardware  qualification,  and  flight  demonstration. 

A sequence  of  major  tests  and  demonstrations  to  achieve  nuclear  rocket  man-rating  is  shown  next. 
Note  that  two  flight  demonstration  options  exist.  A decision  of  which  to  use  depends  on  whether 
cargo  delivery  to  Mars  is  needed  before  the  first  manned  mission,  as  would  be  the  case  if  a 
conjunction  fast  transfer  and  long  surface  stay  is  required  on  the  first  mission  to  reduce  galactic 
cosmic  ray  exposure  to  the  crew. 

The  cryogenic  propellant  sequence  relies  on  the  fact  that  the  STCAEM  baseline  initial  lunar  system, 
tandem-direct,  does  not  need  zero-g  propellant  transfer  or  gauging;  this  allows  more  time  for 
development  of  these  challenging  technologies. 

The  auxiliary  propulsion  assumes  that  an  advanced  technology  using  cryogenic  propellants  from 
main  tanks  is  adopted.  If  conventional  storable  propulsion  technology  is  used,  a conventional 
qualification  program  is  sufficient.  Storable  technology  is  mature  enough  that  flight  demonstration 
is  not  needed. 

The  nuclear  and  solar  electric  program  is  the  most  complex  depicted  here,  in  part  because  in 
includes  both  nuclear  and  solar  power  generation  technology.  As  presented  here,  a choice  between 
rtuclear  and  solar  power  generation  is  made  in  the  late  1990s  after  technology  demonstrations. 
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ECLSS  man-rating  includes  conventional  physico-chemical  and  CELSS  systems.  Whether 
CELSS  benefits  long-duration  transportation  system  crew  habitats  has  yet  to  be  determined  This 
presentation  assumes  that  an  integrated  ECLSS  development  for  surface  and  transportation  systems 
will  occur. 

The  avionics  program  presumes  a standard  avionics  architecture  with  unique  appendages  for 
unique  requirements  such  as  Mars  aerocapture  GN&C. 


/ 
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Aerobraking  Major  Test/Demo  Man-Rating  Approach 
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Cryogenic  Rocket  Engine  Man-Rating  Approach 
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Nuclear  Rocket  Man-Rating  Approach 
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Cryogenic  Propellant  System  Man-Rating  Approach 


Nuclear  and  Solar  Electric  Propulsion  Man-Rating  Approach 
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using  electric  propulsion 


vionics  Major  Test/Demo  Man-Rating  Approach 


Technology  Development  Concerns  and  Schedules  - Cryogenic  / 
Aerobraked  Vehicle 


Critical  technology  development  issues  relating  to  the  reference  CAB  vehicleare 
presented  in  this  section.  Where  applicable,  the  same  charts  are  also  included  in  the  NTR, 
NEP  and  SEP  IP&ED  documents.  The  focus  of  this  section  will  be  to  bring  out  the  most 
important  issues  relating  to  the  reference  cryogenic  vehicle,  and  to  present  preliminary 
technology  development  schedules  for  these  issues.  The  issues  are  presented  here  in  outline 
form,  beginning  with  the  most  important,  with  accompanying  schedules  wherever 

possible. 


Aerobraking  (low  & high  energy) 

The  technology  category  which  offers  the  most  potential  vehicle  benefits  but  wmcn 
presents  the  highest  degree  of  technology  development  uncertainties,  is  the  area  of  high  and 
low  energy  aerobraking.  This  area  presents  a variety  of  issues  for  technology  development 
including  high  strength  to  mass  ratio  structural  materials,  high  temperature  thermal 
protection  systems,  avionics,  assembly  and  operations,  hypersonic  test  facilities  and 
computer  codes,  and  Mars  atmosphere  prediction.  High  strength  structural  material  options 
include  metal  matrix  composite,  organic  matrix  composite,  and  advanced  carbon-carbon 
elements  Other  structural  considerations  include  load  distribution  and  attachment  of 
payload  for  aerocapture,  and  ETO  launch  and  assembly  of  large  structures.  Thermal 
protection  systems  issues  include  low  mass  ablative  and  reradiative  materials,  and 
structure/TPS  integration  issues.  The  aerobrake  maneuver  will  place  considerable  demands 
on  the  vehicle  avionics  system  with  the  need  for  real  time  trajectory  analysis,  and  vehicle 
guidance  and  control.  The  launch  and  assembly  of  the  large  aerobrake  structure  will  present 
ground  and  space  operations  problems  which  will  require  technology  and  advanced 
development  in  both  the  areas  of  design  and  operations.  Finally,  computational  analysis 
and  atmosphere  prediction  capability  will  be  critical  in  the  development  of  a man-rated 
aerobrake  for  Mars  use.  A preliminary  development  schedule  for  Lunar  and  Mp  aerobrake 
technology  development  is  presented.  It  includes  the  major  milestones  for  both  ground  ana 
flight  testing.  The  points  where  a Lunar  and  Mars  full  scale  development  decision  can  be 
marif.  are  also  highlighted  on  the  schedule. 


Cryogenic  Propulsion  and  Fluid  Management  . . . 

Cryogenic  propulsion  and  long  term  fluid  management  technologies  offer  mission 
vehicle  benefits  over  lower  performance  storable  propulsion  systems,  comparable : to  those 
providaiby  high  energy  aerobraking.  The  high  Isp  of  a LH2-LOX  system  (460-480  s)  can 
reduce  vehicle  IMLEO  greater  than  50%  over  the  lower  Isp  (280-360  s with  metallic  gels) 
storable  systems.  The  long  term  storage  and  low-g  fluid  management  of  cryogenic  fluids, 
along  with  long  lifetime,  in-space  rcstartable  cryogenic  engines  are  the  major  technology 
development  concerns  for  a cryogenically  fueled  vehicle.  Preliminary  technology  schedules 
are  presented  for  space  based  cryogenic  engines,  and  cryogenic  fluid  system  deve  opmen 
for  both  Lunar  and  Mars  applications.  The  cryogenic  space  based  engine  development 
effort  begins  with  the  planned  AETB  work  at  LeRC,  and  continues  on  to  development 
work  for  a large  engine  for  Mars  applications.  The  cryogenic  fluid  systems  schedule 
includes  Earth-based  thermal  control  and  selected  management  (tank  pressure  control, 
liquid  acquisition  device  effectiveness,  etc.)  tests,  as  well  as  planned  flight  experiments  to 
carry  out  system  and  subsystem  validation  tests. 
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Vehicle  Avionics  and  Software 

Although  the  technology  readiness  level  of  vehicle  avionics  and  software  is  ahead 
of  many  of  the  other  technology  areas  listed  in  some  respects,  the  demands  on  the  system 
in  the  areas  of  processing  rate,  accuracy,  autonomous  operation,  and  status/health 
monitoring [will  drive  technology  and  advanced  development  in  areas  not  fully  defined  at 
this  point.  Software  requirements  cannot  be  fully  determined  until  the  vehicle  design  is  at  a 
more  finished  stage  than  the  current  levels.  A preliminary  schedule  for  autonomous 
systems  development  is  presented.  The  decision  points  for  full  scale  development  The 
communications  system  options  can  be  more  fully  defined  before  a final  vehicle  design  is 
produced,  however.  A technology  development  schedule  for  advanced  communications  is 
presented. 

Life  Support 

A reliable,  redundant  long  term  life  support  system  will  be  enabling  for  future 
exploration  missions.  Tlie  degree  of  closure  of,  and  the  reliability  of  the  system  are  the 
major  technology  development  concerns.  Low-g  human  factors  determination  will  also  be 
an  important  technology  consideration  which  will  drive  vehicle  design.  An  integrated 
schedule  of  the  major  areas  of  the  life  support  technology  development  task  are  presented. 
It  includes  radiation  shielding  and  materials,  regenerative  life  support,  and  EVA  systems 
development.  As  before,  the  points  where  Lunar  and  Mars  full  scale  development  decisions 
can  logically  be  made  in  the  technology  program  are  highlighted. 

In-Space  Assembly  and  Processing 

The  in-space  assembly  and  processing  of  large  space  transfer  vehicles  will  present  a 

°t  technology  advanced  development  challenges,  particularly  for  the  large  LTV  and 
MTV  and  MEV  aerobrakes.  As  shown  on  the  accompanying  schedule,  extensive  ground 
tests  must  occur  before  any  orbital  work  can  be  initiated.  The  vehicle  designs  will  be  driven 
to  a large  degree  by  the  assembly  facilities  and  technologies  seen  as  being  available  during 
the  vehicle  buildup  sequence. 

Summary 

As  noted  before,  many  of  the  identified  critical  and  high  leverage  technology 
development  issues  are  common  across  all  four  major  vehicle  options.  Common  critical 
technology  issues  include  low-g  human  factors,  autonomous  system  health  monitoring, 
long  term  cryogenic  storage  and  management  (H2,  and  possibly  02  for  ECLSS),  long 
duration  HCL^SS,  radiation  shelter  material  and  configuration,  and  in-space  assembly. 
Unique  cryo/AB  technology  issues  include  high  energy  aerobraking,  and  large  advanced 
space  engine  advanced  development.  Enhancing  technologies  include  cryogenic 
refrigeration  (lander  tanks),  02-H2  RCS,  advanced  in-space  assembly  techniques,  higher 
Isp  cryogenic  engines,  and  advanced  structural  materials  development 
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Preliminary  SEI  Technology  Development 

Schedules 
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Preliminary  SEI  Technology  Development 
SchedulestCont.) 
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Preliminary  SEI  Technology  Development 

Schedules  (Cont.) 


Technology  should  not  present  FSD  threatening  problems; 
current  technologies  adequate  for  minimum  mission. 
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Preliminary  SEI  Technology  Development 

Schedules  (Cont.) 
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Technology  Development  Concerns  and  Schedules  - Nuclear  Thermal 
Propulsion  (NTP) 


Critical  technology  development  issues  relating  to  the  reference  NTP  vehicle  are 
presented  in  this  section.  Where  applicable,  the  same  charts  are  also  included  in  the  CAB, 
CAP  NEP,  and  SEP  IP&ED  documents.  The  focus  of  this  section  will  be  to  bring  out.the 
most’ important  issues  relating  to  the  reference  NTP  vehicle,  and  to  present  preliminary 
technology  development  schedules  for  these  issues.  The  issues  are  presented  here  in  outline 
form,  beginning  with  the  most  important,  with  accompanying  schedules  wherever 

possible. 

Nuclear  Thermal  Propulsion  Technology  Development 

The  most  important  area  of  technology  and  advanced  development  for  this  vehicle 
option  is  the  development  of  an  integrated  nuclear  thermal  propulsion  system.  A 
preliminary  schedule  for  the  development  of  a NTP  system  for  a Mars  vehicle  is  presented. 
The  schedule  highlights  both  the  point  where  a full  scale  development  decision  can  be  made 
(year  5),  and  when  the  first  flight  article  will  be  available  to  the  vehicle  program  (year  14). 
The  largest  single  technology  development  challenge  for  the  program  will  probably  be  test 
facility  design  and  development.  The  NERVA  program  nuclear  tests  were  carried  out  in  a 
testbed  facility  open  to  the  atmosphere.  Any  future  test  facility  must  be  closed  in  order  to 
contain  the  fission  products  contained  in  the  exhaust  gasses.  A scrubbing  system  must  be 
included  to  remove  the  fission  products  from  the  exhaust  gas  before  it  can  be  released  into 
the  atmosphere.  This  facility  may  prove  to  be  very  costly  to  build  and  operate.  Nuclear 
thermal  propulsion  should  offer  a shorter  development  time  than  the  other  advanced 
propulsion  options  (NEP,  SEP),  with  significantly  better  performance  than  the  chemical 
options.  The  major  reactor  technology  issues  are  high  temperature  fuels,  efficient  hit 
design,  fuel  buraup,  and  nuclear  safety  issues. 

Cryogenic  Fluid  Management  ...  . 

The  large  amounts  of  Hydrogen  required  for  NTP  Mars  missions  increases  tnc 
importance  of  technologies  development  relating  to  cryogenic  fluid  management  and 
storage  A preliminary  technology  schedule  is  presented  for  cryogenic  fluid  system 
development  for  Mars  mission  applications.  The  cryogenic  fluid  systems  schedule  includes 
Earth-based  thermal  control  and  selected  component  fluid  management  (tank  pressure 
control  liquid  acquisition  device  effectiveness,  etc.)  tests,  as  well  as  planned  flight 
experiments  to  carry  out  system  and  subsystem  development  (selected  components)  and 
vcnfication/validation  tests.  Many  of  the  technology  issues  will  be  answered  during  the 
technology/advanced  development  work  to  be  carried  out  for  a Lunar  program.  The  major 
technology  obstacles  to  be  overcome  by  an  NTP  storage  system  are  in  the  areas  of  tankage 
mass  minimization  and  large  scale  (relative  to  Lunar)  storage  systems  development, 
integration,  and  orbital/flight  operations  (fluid  transfer,  acquisition,  etc.). 

Vehicle  Avionics  and  Software 

Although  the  technology  readiness  level  of  vehicle  avionics  and  software  is  ahead 
of  many  of  the  other  technology  areas  listed  in  some  respects,  the  demands  on  the  system 
in  the  areas  of  processing  rate,  accuracy,  autonomous  operation,  and  status/health 
monitoring  will  drive  technology  and  advanced  development  in  areas  not  fully  defined  at 
this  point.  Software  requirements  cannot  be  fully  determined  until  the  vehicle  design  is  at  a 
more  finished  stage  than  the  current  levels.  A preliminary  schedule  for  autonomous 
systems  development  is  presented.  The  decision  points  for  full  scale  development  The 
communications  system  options  can  be  more  fully  defined  before  a final  vehicle  design  is 
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presented!  h°WeVCr'  A Kchnol°sy  d'vcloP”="i  schedule  for  advanced  communications  is 

Life  Support 

«ploratio™^ssioi^d^e^e^eVfCc^s1ure  offand  ^re^abi^^of^^s^sle^are^e 

scheduie  of  the  major  areas  of  the  life  support  tectaol^  de™Sn^fSi  « oSSi 
It  includes  radiation  shielding  and  materials,  regenerative  life  support  and  EVA  systems 
development.  As  before,  the  points  where  Lunar  and  Mars  full  scaled ri<*vVin^m 
can  logically  be  made  in  the  technology  program  am  lighted  d6Vclopmcm  dccisi0ns 

Aerobraking  (low  energy) 

Low  energy  aerobraking  will  offer  mission  benefits  in  the  areas  of  decrease 
demands  on  the  descent  propulsion  system,  and  improved  crossrange  capability .This  S^ 
presents  a variety  of  issues  for  technology  development  including  hich  cm-nerti-. 

S“or'S^„^SfalS'  W ' protection  lyS (aLugb £c ^ 

as  for  high  energy  aerobraking),  avionics,  assembly  and  operations  hvmersoidc  test 
facilities  and  computer  codes,  and  Mars  atmosphere  prediction  High  strength  structural 

matrix  composite,  organic  manic^x>s”,SS  KS 
ctnbon-carbon  elements.  Other  structural  considerations  include  load  distributo^d 
attachment  of  payload  for  aerocapture,  and  ETO  launch  and  assembly  of 
Thermal  protection  systems  issues  include  low  mass  ablative  and  relating  materials^} 
smicture/TPS  integration  issues.  'Hie  aerobrake  maneuver  will  place  considerabledemands 
on  Je  vehicle  avionics  system  with  the  need  for  real  time  trajSy aruS sSdv^S 

SS^and1!000110' 1I5  kun?  md  "S?**y  of  the  iarSe  aerobrate  structure  will  present 
gound  and  space  assembly  and  ops  problems  which  will  require  technology  and  advanced 

development  m both  the  areas  of  design  and  operations.  Finally,  compuratiSmS 
amSSfPhCM  predlctlAon  capability  will  be  critical  in  the  development  of  a man-rated 
f?  Mfs  USC' A prchmma7  development  schedule  for  Lunar  and  Mare  aerobrake 
technology  development  is  presented.  It  includes  the  major  milestones  for  bothg^nd^nd 
flight  testing.  The  points  where  a Lunar  and  Mars  full  scale  develop^nt  ckcis^Sifbe 

wi^hi£h  ?°  WShhghted  on  the  schedule.  It  should  be  noted  that  this  schedule  was  built 
with  high  energy  acrobrakmg  in  mind,  and  will  possibly  be  compressed  to  some  degreeif 
only  low  energy  aerobraking  is  developed.  v 

In -Space  Assembly  and  Processing 

v ■ , “-space  assembly  and  processing  of  large  space  transfer  vehicles  will  present  a 

vanety  of  technology  advanced  development  challenges,  particularly  for  the  large  LTV  and 
MEV  aerobrakes  As  shown  on  the  accompanying  schedule,  extensive  ground  tests  must 
any  0Th^fW°?- can  mi°at=d-  The  vehicle  designs  will  bTdriven  to  a large 
b^pbsyequc^Cmb  y “d 16011110105168  secn  88  being  available  during  the  vehicle 

Summary 

As  noted  before,  many  of  the  identified  critical  and  high  leverage  technology 
development  issues  are  common  across  all  of  the  major  vehicle  options.  Common  criticd 
technology  issues  include  low-g  human  factors,  autonomous  system  health  monitoring 
long  .tenn  cryogenic  storage  and  management  (H2,  and  possibly  02  for  ECLSS)  long 
duration  ECLSS,  radiation  shelter  material  and  configuration,  and  in-space  assembly8 
Unique  NTP  technology  issues  center  around  nuclear  reactor  and  engine  systems 
development.  Common  enhancing  technologies  include  cryogenic  refrigeration  (lander 
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tanks),  02-H2  RCS,  advanced  in-space  assembly  techniques,  higher  Isp  cryogenic 
engines,  and  advanced  structural  materials  development. 
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Preliminary  SEI  Technology  Development 
Schedules 
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Preliminary  SEI  Technology  Development 

Schedules  (Cont.) 


Technology  should  not  present  FSD  threatening  problems; 
current  technologies  adequate  for  minimum  mission. 
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Preliminary  SEI  Technology  Development 

Schedules  (Cont.) 


Preliminary  SEI  Technology  Development 

Schedules  (Cont.) 


© 


•B 


u 

W « 

v:  a. 

-Is 
i g ® 


i-l 


•2-ffi  S 
S g g"° 
-o  E 5- u 

si 

*-  S.E  ° 
£ go  *- 

^ S 8 £ 

-c  r ^ ^ -2 

s- 

fS-fs 

c JC  r> 
28-0  § 
9-3  « 5 

5*5  « o 

L>  ^ g S 
* §<-> 


D6 15- 10026-1 


1002 


Technology  Development  Concerns  and  Schedules  - Solar  Electric 
Propulsion  (SEP) 


Critical  technology  development  issues  relating  to  the  reference  SEP  vehicle  are 
presented  in  this  section.  Where  applicable,  the  same  charts  are  also  included  in  the  CAB, 
CAP  NEP,  and  SEP  IP&ED  documents.  The  focus  of  this  section  will  be  to  bring  out  the 
most' important  issues  relating  to  the  reference  NTR  vehicle,  and  to  present  preliminary 
technology  development  schedules  for  these  issues.  The  issues  are  presented  here  in  outline 
form,  beginning  with  the  most  important,  with  accompanying  schedules  wherever 

possible. 

Solar  Power  System  Technology  Development 

One  of  the  two  most  important  areas  of  technology  and  advanced  development  tor 
this  vehicle  option  is  the  development  of  an  integrated  solar  electric  power  system.  The 
most  important  area  of  development  for  the  SEP  option  is  the  design,  integration,  and  life 
testing  of  a space  qualified  multi-megawatt  solar  power  system,  consisting  of  high 
efficiency  solar  arrays.  Major  challenges  to  be  overcome  in  the  achievement  of  a long  life 
efficient  system  lie  in  efficient  solar  array  development,  and  efficient  power  processing  and 
delivery  systems.  Long  term  life  testing  must  be  carried  out  for  the  power  system  in  order 
to  verify  long  term  system  reliability.  A related  technology  development  challenge  for  the 
program  may  be  test  facility  design  and  development  Solar  electric  propulsion  offers  a 
potential  performance  which  may  be  superior  to  the  any  of  the  other  advanced  propulsion 
options,  at  the  expense  of  a more  costly  and  lengthy  technology  and  advanced  development 
program. 

Electric  Propulsion  PPU/Thruster  Technology  Development 

The  second  major  area  of  technology  development  for  the  SEP  is  in  large  scale 
electric  power  processing  unit  (PPU),  and  thruster  design  and  development.  The  power 
system  technology  development  schedule  presented  in  the  NEP  IP&ED  book  includes  a 
timeline  for  electric  thruster  design.  The  development  of  long  life  PPU/thruster  systems  on 
a larger  scale  than  currently  available  (MW  level  thrusters  needed)  is  the  major  area  of 
concern  relating  to  the  SEP  concept.  Thruster  lifetimes  on  the  order  of  a year  or  more 
(continuous)  will  be  required  for  thrusters  on  the  MW  level  in  scale.  Test  facilities  must  be 
developed  which  are  capable  of  supporting  the  long  term  life  tests  for  these  high  power 
level  thrusters.  Finally,  high  temperature  power  processing  equipment  must  be  developed 
to  increase  system  efficiency  and  reliability. 


Life  rc(jun(jant  iong  term  life  support  system  will  be  enabling  for  future 

exploration  missions.  The  degree  of  closure  of,  and  the  reliability  of  the  system  are  the 
major  technology  development  concerns.  Low-g  human  factors  determination  will  also  be 
an  important  technology  consideration  which  will  drive  vehicle  design.  An  integrated 
schedule  of  the  major  areas  of  the  life  support  technology  development  task  are  presented. 
It  includes  radiation  shielding  and  materials,  regenerative  life  support,  and  EVA  systems 
development  As  before,  the  points  where  Lunar  and  Mars  full  scale  development  decisions 
can  logically  be  made  in  the  technology  program  are  highlighted. 

Acrobr^mg  (loWy  0ffer  mission  benefits  in  the  areas  of  decreased 

H^man  fe  on  the  descent  propulsion  system,  and  improved  crossrange  capability.  This  area 
presents  a variety  of  issues  for  technology  development  including  high  strength  to  mass 
' ratio  structural  materials,  high  temperature  thermal  protection  systems  (although  not  as  high 
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as  for  high  energy  aerobraking),  avionics,  assembly  and  operations  hypersonic  test 
facilities  and  computer  codes,  and  Mars  atmosphere  prediction,  ffigh  s'treS  smctma 
material  options  include  metal  matrix  composite  organic  matrix  rnmnnd^  a 

carbon-carbon  elements.  Other 

attachment  of  payload  for  aerocapture,  and  ETO  launch  and  assembly  of  large  sSura 
Thermal  protection  systems  issues  include  low  mass  ablative  and  rera2atL7maSs^d 
structure/TPS  integration  issues.  The  aerobrake  maneuver  ^’JSc 

on  the  vehicle  avionics  system  with  the  need  formal  time  wi« w L vXk 

££2“"d  amml  TIJf  assembly  of  the  large  aerobraS  J?5  wifi  prerem 

ground  and  space  assembly  and  ops  problems  which  will  require  technology  and  advanced 
development  in  both  the  areas  of  design  and  operanons.^ally^SKaSvsIs 
and  atmosphere  prediction  capability  will  be  critical  in  rhr  fPn&1  analysis 

aerobrake  for  Mars  use.  A preliminary  development  schedule  for  T .nni  and  Mars^CTobrake 
technology  development  is  presented.  It  includes  the  major  milestones  for  botTLound  ^ 
flight  testing.  The  points  where  a Lunar  and  Mars  full  scale  Hewirmm.r.r  a • ^rouna 
made  are  nifo  Mgl&ghredon  Ure  schednTl," 

only  *“  » 55  » — W 

Vehicle  Avionics  and  Software 

Although  the  technology  readiness  level  of  vehicle  avionics  and  software  is  ahead 
of  many  of  the  other  technology  areas  listed  in  some  respects,  the  demiSfe mfSe sS 
m the  areas  of  processing  rate,  accuracy,  autonomous  operation  and  statu Q/hpnirh 
momtonng  vdli  drive  technology  and  advanced  development  in  S™’nm  fuhy  dtfmtd  at 
threpontt.  Software  requtrements  cannot  be  folly  determined  ondl  the  vehicle^ftmislt  a 
more  finished  stage  than  the  current  levels.  A preliminary  schedule  for  autonomous 
systems  development  is  presented.  The  decision  points  fwfull  sSle  develo?men?Se 
comnumcations  system  options  can  be  more  fully  defined  before  a final  vehLteSfSs 

5TSS' A “<*»ology  development  schedule  for  advancSco^caS  i 
presented.  The  SEP  vehicle  may  not  place  the  same  level  of  demand  on  the  avionics  system 
in  the  area  of  trajectmy  analysis,  but  will  likely  place  more  demand.  0n  the  sraem  m™ 
areas  of  status  arid  health  monitoring,  fault  diagnosis,  and  correction.  ^ 

In -Space  Assembly  and  Processing 

TTie  in-space  assembly  and  processing  of  large  space  transfer  vehicles  will  raesent  a 
vanety  of  t^hnology  adv^ced  devel^ment  challenges,  particularly  for  the  to^e  LTV  and 
^nafCSbrakCS’  and.S^  ve^e.  The  large  solar  array  structure,  along  with  the  large 
amount  of  wiring  and  electrical  connections  will  present  a variety  of  challenges  in 
technology  development  (e.g.  in-space  welding),  and  assembly  operations  (e.g  robotics? 
As  shown  on  me  accompanying  schedule,  extensive  ground  tests  must  occur  before  any 
orbttal  work  ran  be  uunated.  The  vehicle  designs  will  be  driven  to  n laige  degree  by  the 
assembly  faedmes  and  technologies  seen  as  being  available  during  the  vehiSTbufldup 
sequence.  It  should  be  notedthat  the  schedule  was  not  developed  specifically  for  an  NEP 
vehicle.  Advances  derived  from  this  development  process  along  with  flight  experience  in 
earlier  missions  leading  up  to  this  evolutionary  scenario  could  possibly  accelerate  the 
development  plan  considerably.  3 

Cryogenic  Fluid  Management 

The  level  of  concern  for  technology  development  in  the  areas  of  cryogenic  fluid 
management  and  storage  will  not  be  as  for  electric  propulsion  vehicles  as  for  the  high  thrust 
systems,  although  many  of  the  areas  still  remain  important  for  the  SEP  vehicle.  The  Argon 
(or  Zenon)  propellant  utilized  for  the  electric  propulsion  system  will  be  in  a cryogenic  liquid 
state,  and  will  require  long  term  storage  and  management  technology  levels  similar  to  those 
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Depot  Concept  for  Support  of  CAP  Vehicle 


IU 


Depot  Concept  for  Support  of  NTR  Vehicle 


Depot  Concept  for  Support  of  NTR  Vehicle 


Alternative  configuration  showing  possible  utiliization  of  STS  External  Tank  as  source  of  shielding  for 
depot. 


tu 


Gravity  Gradient  Stabilized  Depot  Configuration 
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CAP  Depot  Configuration  Propellant  Requirements 
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NTR  Depot  Configuration  Propellant  Requirements 


• Depot  initially  sized  for  Missions  1-3  capacity;  additional  tanks  added  during  subsequent 
missions  to  add  depot  capacity  to  support  Missions  5-6. 
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Shielding  Configuration  Space  Systems  Division 


0 

E >s 


£ 

0 

> 

Q. 

O 


00 

O 

i 

O 

> 


Operations  / Integration  Issues 
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Many  Mars  system  depot  architecture  options  are  possible  to  support  a large-scale  Mars  exploration 
program.  Wherever  primary  propellant  production  sites  are  located  - Phobos,  Deimos,  or  Mars  surface  - 
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Operating  near  and  on  Mars  means  encountering  an  entirely  new  set  of  orbital,  thermal,  gravitational, 
atmospheric,  and  surface  environments  that  can  be  crucial  to  the  operation  of  a Mars  orbital  propellant 
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The  Minimum  Science  Program  and  Full  Science  Scenario  are  only  two  of  the  many  scenarios  that  can  be 
envisioned  for  human  Mars  exploration  programs.  It  is  unlikely  that  a Mars  propellant  depot  would  be 
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SECTION  6 


PROPELLANT  DEPOT  TECHNOLOGY  REQUIREMENTS 


There  are  a number  of  technology  issues  that  must  be  resolved  in  order  for  a zero-g  cryogenic 
propellant  storage  depot  to  be  viable.  Other  technology  issues  warrant  attention  because  they  could 
provide  cost  and  operational  advantages  if  resolved.  Most  of  the  cryogenic  fluid  management 
issues  presented  here  must  be  addressed  with  orbital  flight  experiments.  A summary  of  the  depot 
technology  needs  and  their  criticality  ratings  are  presented  in  the  charts  "Depot  Technology 
Needs”. 

There  are  five  thermal  conool  issues:  degradation  of  insulating  material  due  to  exposure  to  space 
environment,  development  of  low  thermal  conductivity  materials,  degradation  in  the  performance 
of  thick  Multi-Layer  Insulation  (MLI)  due  to  launch  effects,  development  of  para  to  ortho 
converters,  and  development  of  multiple/coupled  Vapor  Cooled  Shields  (VCS).  Understanding  the 
degradation  of  the  insulation  due  to  launch  and  long  term  space  environment  effects  will  prevent 
the  need  for  overdesigning  insulation  systems  to  ensure  adequate  performance-  Development  of 
low  thermal  conductivity  materials  can  reduce  the  heat  leak  into  cryogenic  tanks  through 
penetration,  such  as  supports,  plumbing,  and  electrical  lines.  Para/ortho  converters  make  use  of 
the  endothermic  process  that  hydrogen  undergoes  in  changing  from  from  its  para  to  ortho  form. 
This  process  occurs  by  itself  as  para  hydrogen  vapor  warms  up.  However,  it  is  too  slow  to  be  of 
any  use  without  the  aid  of  a catalyst  By  converting  vented  hydrogen  in  a para/ortho  convener, 
heat  that  otherwise  would  have  gone  into  the  tank  can  be  absorbed  and  then  dumped  overboard. 
Development  of  a multiple/coupled  VCS  would  also  provide  for  more  efficient  venting  by 
intercepting  incoming  heat  with  the  vent  gas  before  it  goes  overboard.  All  of  these  thermal  control 
issues  have  the  payoff  of  reducing  boil-off  and/or  insulation  system  weight 

The  issues  associated  with  pressure  control  are:  predicting  and  increasing  Thermodynamic  Vent 
System  (TVS)  performance  to  allow  efficient  control  of  tank  pressure  by  venting  only  vapor, 
determining  the  amount  of  fluid  mixing  required  to  control  stratification/rapid  pressure  rise  in  the 
tank,  and  developing  refrigeration  or  reliquif action  systems  to  convert  the  boil-off  back  to  liquid. 
A TVS  is  a device  for  controlling  tank  pressure.  Liquid  from  the  tank  flows  through  a Joule- 
Thompson  valve  where  its  pressure  (and  temperature)  are  reduced  at  constant  enthalpy.  This 
colder  two  phase  fluid  then  flows  through  a heat  exchanger  in  the  tank  to  absorb  heat,  thereby 
reducing  the  tank  pressure.  The  fluid  exiting  the  TVS  can  then  be  supplied  to  a VCS,  which  is 
embedded  in  the  MLI.  Thus,  a TVS  and  VCS  combination  provides  a very  efficient  method  of 
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controlling  tank  pressure.  If  the  fluid  in  the  tanks  stratifies,  then  venting  can  be  delayed  by  mixing 
the  tank  contents  to  bring  the  liquid  and  ullage  into  thermodynamic  equilibrium.  The  minimum 
amount  of  fluid  mixing  must  be  determined  so  that  excess  energy  is  not  added  to  the  tank  contents. 
Refrigeration  or  reliquifaction  systems  are  an  alternative  to  venting,  where  the  boil-off  is  eliminated 
or  reliquified.  The  drawback  of  these  systems  are  that  they  require  electrical  power  and  they  are 
quite  heavy.  Also,  reliable,  long-life  space  qualified  systems  do  not  exist.  The  payoff  from  these 
pressure  control  issues  is  a large  reduction  in  the  amount  of  cryogens  that  would  be  vented/dumped 
trying  to  control  tank  pressure  in  zero-g. 

The  liquid  acquisition  issues  are:  predicting  Liquid  Acquisition  Device  (LAD)  performance  and 
determining  the  heat  leak  threshold  where  the  screen  dries  out  causing  LAD  failure.  (Heat  leak 
enters  the  LAD  through  its  supports.)  This  technology  must  be  developed  in  order  to  be  able  to 
reliably  obtain  single  phase  liquid  from  cryogenic  depot  tanks. 

Pressurization  issues  include;  determination  of  pressurant  collapse  in  zero-g  so  that  autogenous 
pressurization  systems  can  be  properly  sized  and  development  of  long  life  space  qualified 
cryogenic  pumps  and/or  compressors  (for  both  the  autogenous  pressurization  system  and  transfer 
system).  The  amount  of  pressurant  collapse  in  zero-g  is  not  known  and  bounding  calculations 
show  an  order  of  magnitude  uncertainty  in  the  amount  of  pressurant  required  with  relatively  high 
liquid  fill  levels.  The  payoffs  in  this  area  are  weight  and  operational  savings  with  properly  sized 
systems. 

Advanced  instrumentation  needs  development  in  the  areas  of:  quantity  gauging  to  determine  liquid 
inventories  in  zero-g,  mass  flow/quality  metering  to  aid  in  determining  the  amount  of  propellant 
transferred,  leak  detection  devices  that  operate  in  space,  and  liquid/vapor  sensors  for  determining 
liquid/vapor  interfaces  in  tanks  and  lines.  Development  of  zero-g  quantity  gauges  is  essential  for 
determining  storage  depot  inventories,  while  the  other  instruments  simplify  operations  and 
maintenance. 

Liquid  handling  issues  include:  understanding  how  to  control  liquid  dynamics/slosh  due  to  docking 
and  reboost  perturbations  to  the  zero-g  environment  and  determination  of  fluid  dumping/tank 
inerting  procedures  for  emergencies.  The  latter  being  extremely  important  for  safety 

considerations. 

Liquid  transfer  technology  issues  are:  development  of  efficient  transfer  line  and  tank  chilldown 
mi.Thrvic,  verification  that  acceptably  high  fill  levels  can  be  achieved  with  the  no-vent  fill  process, 
and  determination  of  how  to  successfully  fill  a LAD  in  zero-g.  The  payoff  of  efficient  chilldown 
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processes  is  propellant  and  possibly  operational  savings.  The  verification  of  no-vent  fill  and  LAD 
fill  procedures  are  essendal  for  a zero-g  cryogenic  storage  depot. 

The  development  of  efficient  02/H2  thrusters  for  reboost  offers  a sizable  weight  savings  over  other 
options  (such  as  storable  propellant  thrusters)  which  have  a lower  specific  impulse,  Isp.  These 
thrusters  would  also  eliminate  the  need  for  resupply  of  large  quantities  of  storable  propellants. 
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Depot  Technology  Needs 

Depot  technology  needs  are  presented  with  their  issues  and  a criticality  rating.  Thermal  Control  issues 
include:  degradation  of  insulating  material  due  to  exposure  to  space  environment,  development  of  low 
thermal  conductivity  materials  in  order  to  reduce  the  heat  input  to  the  cryogen  tanks,  degradation  of  thick 
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SECTION  7 


ORBITAL  PROPELLANT  DEPOT  COST  ASSESSMENT 
7.1  GROUNDRULES  & ASSUMPTIONS 

The  cost  section  of  this  study  is  set  up  to  evaluate  the  differences  in  Life  Cycle  Cost  for  various 
mission  scenarios.  Each  case  is  set  up  to  accommodate  the  Minimum  Science  of  Full  Science 
manifest  schedule.  A summary  is  given  in  the  charts  “Cost  Groundrules  and  Assumptions”.  All 
costs  are  ROM  estimates  for  preliminary  planning  and  trade  study  comparison  purposes  only.  The 
costs  are  presented  in  constant  year  1990  millions  of  dollars.  It  is  assumed  that  all  of  the 
technology  needed  for  the  tasks  outlined  is  available.  The  costs  associated  with  ground  facilities 
are  not  included  in  any  of  the  estimates.  In  addition,  a probability  of  100%  launch  success  is 
assumed. 

A range  of  Earth-To-Orbit  (ETO)  vehicle  costs  were  given  by  Boeing  Aerospace:  $ 1 ,000/lb  to 
S3000/lb.  The  S 1 ,000/lb  figure  was  used  for  this  study.  The  exception  to  the  above  is  the  first 
launch  associated  with  the  depot.  This  launch  only  takes  up  the  structures  and  mechanisms, 
without  tanks  or  fuel,  and  is  much  lighter.  A S150M  launch  vehicle  cost  allocation  is  used  for  this 
flight  (in  each  appropriate  mission  scenario).  The  DDT&E  costs  include  one  shipset  of  a 
production  article  for  design  evaluation  and  test,  and  0.75  of  a shipset  for  initial  spares.  The 
logistics  spares  have  not  been  included  in  the  cost  estimate.  Other  figures  used  in  the  estimate 
include;  EVA  rate  at  $201  K/hr,  IV A rate  at  $23  K/hr,  learning  curve  of  90%,  and  a rate  curve  of 
95%. 

12  METHODOLOGY 

The  cost  estimating  methodology  incorporates  a parametric  cost  model  as  the  principal  tool  for 
development  of  life-cycle  cost  estimates,  as  shown  in  the  chart  “Cost  Methodology”.  Parametric 
Travels  can  be  used  to  efficiently  produce  credible  cost  estimates  with  limits  input  data  and  design 
riffinirirm  typically  available  early  in  the  study  process.  The  process  used  consists  of  developing 
cost  estimating  relationships  (CERs)  for  each  WBS  element  using  our  cost  and  technical  data  base, 
gathering  specific  technical  data,  and  entering  the  CERs  and  data  into  the  cost  model. 
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7.3  WORK  BREAKDOWN  STRUCTURE 

c ramq'i  shows  the  framework  used  for  this  study,  as  shown  in  the 

associated  producdon  support  (prog™  management,  ^ uT^oL 

checkout,  and  ground  support  equipment),  and  requued  „ assumed 

operational  functions  (mission  operations,  logisncs,  ground  iaunch  operauons.  etc.)  are 

to  be  included  in  the  ETO  vehicle  costs. 

7.4  COST  SCENARIOS 

■ broken  down  by  mission  scenarios,  as  shown  in  the  chart  Cost  Scenarios 
T 7 77e  7.^1  Culsive  (CAP)  MTV  is  used  for  the  Minimum  Sctence  Scenario 
' Thermal  Rocket  (NTR)  MTV  is  used  for  the  Full  Science  Scenano.  Three  opuons 
Tore  LZZ  for  each  scenario.  Tie  particular  manifests  for  each  option,  and  senstuvtty.  ts 

discussed  in  the  trade  study  analysis  section. 

7.5  LIFE  CYCLE  COST 

The  Life  Cycle  Costs  (LCO  for  the  missions  associated  with  the  Minimum 

u «t  Pvcle  Cost  Overall  Summary  - Minimum  Science  with  CAP 
ofthe*  direcTlaunch  of  full  CAP  fuel  tanks  is  I8.732M,  which  is  the  most  cost  effective  case.  The 
„ from  tanker  case  only  differs  by  the  cost  to  develop  and  produce  the  tankers,  w ereas  e 
“plff  from  depot  case  requires  development  and  production  of  dm  depot  as  well  as  addruonal 

ETO  launches. 

„ ,rnfnf  the  missions  associated  with  the  Full  Science  Scenario  are  shown 

direct  launch  of  full  NTR  fuel  tanks  is  the  most  cost  effective  case  at  S16.540M. 

....  .,  c ...  Cost  Breakdown  - Minimum  Science  with  CAP”  shows  a funding 
The  chat  titled  Lde  ^7*  ~ supporm>s  ^ Mtnimnm  Science  Scenano.  The  IOC  for 

Thedfplntiteonrvemat^ursin^is 

due  m the  amount  of  time  between  depot  tank  “ TrealXTof  the 

distribution  ^ ^ ^ ^ shown  ^ ±e  foliowing  chart,  “Depot  Recurring  Cost  Breakdown 

™ml  science  with  CAP”.  A similar  LCC  funding  profile  for  dm  Full  Science  Scenano. 
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is  * *•  ^ cycit  c° * ™ wu,  m*-  char, 

e IOC  for  this  sccnano  is  2008,  with  the  peak  funding  in  2018  at  S1.360M. 

7.6  COST  SENSITIVITY  TO  MTV  BOILOFF  RATE 

The  bod-off  sensitivity  charts  “Boiloff  Sensitivities  - Minimum  Science  (Depot)"  and  “Boiloff 
Sensinvmes  - Minimum  Science  (Tanker)”  summarize  the  resuks  of  the  CAP  fuel  tank  boil-off  rate 
. sensinvmes  for  the  depot  and  tanker  top-off  cases,  respectively,  the  LCC  of  the  baseline  cases 

CAP"  T ^ Cyd‘  C0$1  °Vera11  SummIT  • Minimum  Science  with 

CAP  chart,  are  $15 ’94M  for  the  depot  and  $9,612  for  the  tanker,  which  are  the  most  cost 

effecove  cases.  The  cos.  differences  are  mainly  due  to  the  diffenmce  in  die  tool  number  of  ETC 
flights'5'  "UmbCT  °f  “ th=  B“ml»  of  ^ spread  for  the  fuel  tank 

In  addition,  the  difference  between  the  LCC  for  the  depot  top-off  case  and  tanker  top-off  case 
rate  offi  « ° **  *'*  b0U‘Off  rate  mCTeases-  Tile  approitimaie  intercept  is  at  a MTV  boiloff 

idiC  OI  o .3 VC. 


7.7  CONCLUSIONS  AND  RECOMMENDATIONS 

We  “Cos,  Conclusions  and  Recommendations”  chart  summarize  dm  results.  The  direct  launch  of 
die  Mars  Transfer  Vehicle  tanks  is  the  most  cost  effective  case  in  bod,  the  Minimum  Science 
cenazro  and  dm  Full  Soence  Scenario.  This  is  due  to  the  fee,  that  dm  direct  launch  case  always 

ZTJ  £“  ""0rbi‘ VehiCle  ‘“nCh“-  * *—  — • costs 

cosit  h'h  a‘ijXC  ° *** Ianker  *“*  depot  cases  ft*-  *6  ground  production  facilities 

cost)  wluch  would  increase  the  cost  differences.  Thereisahiglmrumhnologyrisk^sociautdwid, 

die  depot  and  anker  cases  and  a greater  risk  for  failures  due  to  the  number  of  fuel  transfers 

required.  The  benefits,  however,  might  outweigh  dm  risks.  By  using  a depot  there  would  be  a 

decreed  nsk  m mrssron  completion  and  scheduled  delay  due  to  the  storage  of  extia  fuel  for  the 

MTV.  Funher  system  definitions  and  sensitivity  studies  are  recomnmnded  to  determine  optimized 
depot  and  tanker  scenarios. 
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Cost  Groundrules  and  Assumptions  Space  Systems  Division 


Cost  Groundrules  and  Assumptions  (Con't) 
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• EVA  = $201  K/Hr 

• IVA  = $23  K/Hr 

All  Resupply  Flights  For  LTV  Tanks  Included  In  NTR  Flight  Scenario 


The  cost  estimating  methodology  incorporates  a parametric  cost  model  as  the  principal  tool  for 
development  of  life-cycle  cost  estimates.  Parametric  models  can  be  used  to  efficiently  produce  credible 


GENERAL  DYNAMICS 


The  Work  Breakdown  Structure  (WBS)  shows  the  framework  used  for  this  study.  It  includes  the  basic 
structures  for  each  defined  element,  the  associated  production  support  (program  management,  systems 
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Work  Breakdown  Structure  Space  Systems  Division 
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Cost  Scenarios  Considered  Space  Systems  Division 


Top-Off  From  Depot 
Top-Off  From  Tanker 
Direct  Launch  of  Fuel 


Life  Cycle  Cost  Overall  Summary  - Minimum  Science  with  CAP 
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Life  Cycle  Cost  Overall  Summary  - Full  Science  with  NTR 
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Boiloff  Sensitivities  - Minimum  Science  (Tanker) 
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SECTION  8 


CONCLUSIONS  AND  RECOMMENDATIONS 

8.1  CONCLUSIONS 

The  bottom  line  cost  analysis  results  of  this  study  show  the  direct  Barth  to  Orbit  launch  of  the  Mars 
Transfer  Vehicle  tanks  full  of  propellants,  adequate  to  accomplish  the  Mars  mission  without 
topping-off  with  additional  propellants  prior  to  mission  departure,  as  being  the  most  cost  effective 
option  for  both  the  Minimum  and  Full  Science  Scenarios.  This  is  because  the  direct  launch  case 
requires  the  least  number  of  Earth-to-Orbit  Vehicle  launches  in  a success  oriented  approach  to  the 
operations  and  cost  analyses.  However,  there  may  be  higher  on-orbit  risks  involved  in  the  direct 
delivery  and  top-off  delivery  options  because  of  potential  vehicle  loss  due  to  possible  puncture  of 
the  vehicle  tankage  by  meteoroid  or  space  debris  impacts.  Consideration  of  this  risk  may  provide  a 
different  outcome  in  favor  of  a propellant  depot  to  support  the  Mars  missions.  It  was  also  shown 
that  there  is  only  a narrow  margin  of  benefit  in  the  direct  launch  and  top-off  options  over  the 
propellant  depot  for  the  full  science  scenario.  And  as  the  Mars  vehicle  boiloff  rates  approach  6.5% 

per  month  the  propellant  depot  costs  reach  a break  even  point  with  the  other  propellant  delivery 
options. 

Other  conclusions  reached  in  this  study  related  to  depot  applications  are  as  follows: 

• The  depot  should  be  locaied  in  low  Earth  orbit 

• The  depot  should  be  separate  from  Space  Station  Freedom  and  operated  in  a co-orbiting  mode 

• The  propellant  transfer  methods  should  include  zero-g  transfer  capability 

It  was  apparent  that  two  launch  pads  will  be  needed  to  support  the  full  science  missions  because 
less  than  90  day  launch  centers  are  required.  Possible  surge  capabilities  due  to  catastrophic  failures 
on-orbit  also  add  to  the  need  far  at  least  two  launch  pads. 

These  conclusions  are  summarized  in  the  chart  “Orbital  Propellant  Depot  Study  Conclusions”. 
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S2  RECOMMENDATIONS 


Further  system  definitions  and  sensitivity  studies  are  recommended  to  determine  optimized  LEO 
depot  and  tanker  scenarios.  These  studies  should  include  the  non-success  onented  aspects  of 
mission  operations  and  possible  outcomes. 

Mars  depot  requirements  need  to  be  further  examined  and  evaluated  to  define  appropriate 
architectures  for  implementation  of  the  Mars  exploration  program.  These  Mars  depot  definitions 
should  be  exploited  to  reveal  commonalities  impacting  low  Earth  orbit  facilities. 

These  recommendations  are  summarized  in  the  chan  “Orbital  Propellant  Depot  Study 
Recommendations”. 
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for  liauid  oxygen  storage  for  the  chemical  vehicles.  Cryogenic  storage  issues  relating  to 
ECLSS  fluids§and  lander/ascent  vehicle  propellants  will  remain  as  well.  A preliminary 
technology  schedule  is  presented  for  cryogenic  fluid  system  development  for  Mars  mssion 
anDlications  The  cryogenic  fluid  systems  schedule  includes  Earth-based  thermal  control 
and^elected  competent  fluid  management  (tank  pressure  control,  liquid  aeqmsinon  deince 
effectiveness  etc!)  tests,  as  well  as  planned  flight  experiments  to  carry  out  system  and 
subsystem  development  (selected  components)  and  verification/validanon  tests.  Many  of 
the  technology  issues  will  be  answered  during  the  technology/advanced  devel^ment  work 
TO  he  carried  out  for  a Lunar  program.  The  major  technology  obstacles  to  be  overcome  by 
an  NEP  storage  system  are  in  the  areas  of  high  reliability  long  term  themal  control  systems 
(particularity^ for^ the  lander/ascent  tanks),  and  orbital/flight  operations  (fluid  transfer, 

acquisition,  etc.). 

Summary  ^ before>  some  0f  the  identified  critical  and  high  leverage  technology 
development  issues  are  common  across  all  of  the  major  vehicle  options.  Common  critical 

technology  issues  include  low-g  human  factors,  autonomous  system for  EoSsiTng 
long  term  cryogenic  storage  and  management  (H2,  and  possibly  02  for  ECI^S),  long 
duration  ECLSS,  radiation  shelter  material  and  configuration,  and  in-space  assembly. 
Uniaue  SEP  technology  issues  center  around  efficient  solar  power  systems  and  electric 
devetofmem.  Common  enhancing  technologies  include  cryogenic 
refrigeration  (lander  tanks),  02-H2  RCS,  advanced  in-space  assembly  techniques,  higher 
Isp  cryogenic  engines,  and  advanced  structural  materials  development 
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Technology  Development  Concerns  and  Schedules  - Nuclear  Electric 
Propulsion  (NEP) 


Critical  technology  development  issues  relating  to  the  reference  NEP  vehicle  are 
presented  in  this  section.  Where  applicable,  the  same  chans  are  also  included  in  the  CAB, 
CAP,  NTR,  and  SEP  IP&ED  documents.  The  focus  of  this  section  will  be  to  bring  out  the 
most’ important  issues  relating  to  the  reference  NEP  vehicle,  and  to  present  preliminary 
technology  development  schedules  for  these  issues.  The  issues  are  presented  here  in  outline 
form,  beginning  with  the  most  important,  with  accompanying  schedules  wherever 
possible. 

Nuclear  Power  System  and  Shielding  Technology  Development 

One  of  the  two  most  important  areas  of  technology  and  advanced  development  for 
this  vehicle  option  is  the  development  of  an  integrated  nuclear  electric  power  system.  A 
preliminary  schedule  for  the  development  of  a NEP  propulsion  system  for  a Mars  vehicle  is 
presented,  which  includes  an  integrated  timeline  for  both  of  these  technology  development 
concerns.  The  schedule  highlights  both  the  point  where  a full  scale  development  decision 
can  be  roadt  (year  6),  and  when  the  first  flight  article  will  be  available  to  the  vehicle 
program  (year  17).  The  most  important  area  of  development  for  the  NEP  option  is  the 
design,  integration,  and  life  testing  of  a space  qualified  multi-megawatt  nuclear  power 
system,  capable  of  a 10  year  lifetime.  Major  challenges  to  be  overcome  in  the  achievement 
of  a long  life  efficient  system  lie  in  high  temperature  materials,  liquid  metal  power 
conversion  system  development,  and  reactor  design.  In  order  to  increase  the  efficiency  of 
the  power  system,  higher  system  temperatures  are  required.  Materials  capable  of 
continuous  operation  above  1600K  will  be  needed  inside  the  reactor,  and  above  1500K  in 
the  conversion  system  components.  Reactor  design  studies  will  focus  on  such  technology 
concerns  as  high  temperature  fuel  development,  reactor  and  fuel  designs  with  high  bumup 
capability,  high  reliability  control  systems,  and  safing  issues  for  flight  operations.  Long 
term  life  testing  must  be  carried  out  for  the  power  system  (including  reactor),  to  verify  long 
term  system  reliability.  A related  technology  development  challenge  for  the  program  will 
probably  be  test  facility  design  and  development.  Past  space  program  nuclear  tests  were 
carried  out  in  a testbed  facility  open  to  the  atmosphere.  Future  test  facilities  must  be  closed 
in  order  to  contain  any  fission  products  escaping  from  the  system,  as  well  as  contain  any 
perceived  accident  This  facility  may  prove  to  be  very  costly  to  build  and  operate.  Nuclear 
electric  propulsion  offers  a potential  performance  superior  to  the  chemical  and  NTR 
vehicles,  at  the  expense  of  a more  costly  and  lengthy  technology  and  advanced 
development  program. 

Electric  Propulsion  PPU/Thruster  Technology  Development 

The  second  major  area  of  technology  development  for  the  NEP  is  in  large  scale 
electric  power  processing  unit  (PPU),  and  thruster  design  and  development.  The 
development  of  long  life  PPU/thruster  systems  on  a larger  scale  than  currently  available 
(MW  level  thrusters  needed)  is  the  major  area  of  concern  relating  to  the  NEP  concept. 
Thruster  lifetimes  on  the  order  of  a year  or  more  (continuous)  will  be  required  for  thrusters 
on  the  MW  level  in  scale.  Test  facilities  must  be  developed  which  are  capable  of  supporting 
the  long  term  life  tests  for  these  high  power  level  thrusters.  Finally,  high  temperature 
power  processing  equipment  must  be  developed  to  increase  system  efficiency  and 

reliability. 


Life  redundant  long  term  life  support  system  will  be  enabling  for  future 

exploration  missions.  The  degree  of  closure  of,  and  the  reliability  of  the  system  are  the 
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major  technology  development  concerns.  Low-g  human  factors  determination  will  also  be 
an  imponant  technology  consideration  which  will  drive  vehicle  design.  An  integrated 
schedule  of  the  major  areas  of  the  life  support  technology  development  task  arc  presented. 
It  includes  radiation  shielding  and  materials,  regenerative  life  support,  and  EVA  systems 
development.  As  before,  the  points  where  Lunar  and  Mars  full  scale  development  decisions 
can  logically  be  made  in  the  technology  program  are  highlighted. 

Aerobraking  (low  energy) 

Low  energy  aerobraking  will  offer  mission  benefits  in  the  areas  of  decreased 
demands  on  the  descent  propulsion  system,  and  improved  crossrange  capability.  This  area 

lVa?Cty  of  \ssu,cs  t0T  tcchnol°gy  development  including  high  strength  to  mass 
ratio  structural  materials,  high  temperature  thermal  protection  systems  (although  not  as  high 

£i°L  g HCnCrgy  aerob«kmS)i  ionics,  assembly  and  operations,  hypersonic  test 
acilines  and  computer  codes,  and  Mars  atmosphere  prediction.  High  strength  structural 
material  options  include  metal  matrix  composite,  organic  matrix  composite,  and  advanced 
carbon-carbon  elements.  Other  structural  considerations  include  load  distribution  and 
attachment  of  payload  for  aerocapturc,  and  ETO  launch  and  assembly  of  large  structures 
Thermai  protection  systems  issues  include  low  mass  ablative  andrcradiating  materials,  and 
structurcyTPS  integration  issues.  The  aerobrake  maneuver  will  place  considerable  demands 
on  the  vehicle  avionics  system  with  the  need  for  real  time  trajectory  analysis,  and  vehicle 
guidance  and  control.  The  launch  and  assembly  of  the  large  aerobrake  structure  will  present 
ground  and  space  assembly  and  ops  problems  which  will  require  technology  and  advanced 
development  m both  the  areas  of  design  and  operations.  Finally,  computational  analysis 
and  amiosphcre  prediction  capability  will  be  critical  in  the  development  of  a man-rated 
aerobrake  for  Mars  use.  A preliminary  development  schedule  for  Lunar  and  Mars  aerobrake 
technology  development  is  presented.  It  includes  the  major  milestones  for  both  ground  and 
flight  testing.  The  points  where  a Lunar  and  Mars  full  scale  development  decision  can  be 
made  arc  also  highlighted  on  the  schedule.  It  should  be  noted  that  this  schedule  was  built 
with  high  energy  aerobraking  in  mind,  and  will  possibly  be  compressed  to  some  degree  if 
only  low  energy  aerobraking  is  developed. 


Vehicle  Avionics  and  Software 

Al&ough  the  technology  readiness  level  of  vehicle  avionics  and  software  is  ahead 
of  many  of  the  other  technology  areas  listed  in  some  respects,  the  demands  on  the  system 
m the  areas  of  processing  rate,  accuracy,  autonomous  operation,  and  status/health 
monitoring  will  drive  technology  and  advanced  development  in  areas  not  fully  defined  at 
this  point.  Software  requirements  cannot  be  fully  determined  until  the  vehicle  design  is  at  a 
more  finished  stage  than  the  current  levels.  A preliminary  schedule  for  autonomous 
systems  development  is  presented.  The  decision  points  for  full  scale  development  The 
communications  system  options  can  be  more  fully  defined  before  a final  vehicle  design  is 
produced,  however.  A technology  development  schedule  for  advanced  communications  is 
prerented.  The  NEP  vehicle  may  not  place  the  same  level  of  demand  on  the  avionics  system 
m the  area  of  trajectory  analysis,  but  will  likely  place  more  demands  on  the  system  in  the 
areas  of  status/health  monitoring,  and  autonomous  operation,  fault  diagnosis  and 
correction. 


In-Space  Assembly  and  Processing 

The  in-space  assembly  and  processing  of  large  space  transfer  vehicles  will  present  a 
variety  of  technology  advanced  development  challenges,  particularly  for  the  large  LTV  and 
MEV  aerobrakes,  and  NEP  vehicle.  The  large  radiator  structure,  along  with  the  many  liquid 
metal  pipe  high  pressure  joints  which  must  be  made  in  orbit  will  present  a variety  of 
challenges  in  technology  development  (e.g.  in-space  welding),  and  assembly  operations 
(e.g.  robotics).  As  shown  on  the  accompanying  schedule,  extensive  ground  tests  must 
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occur  before  any  orbital  work  can  be  initiated.  The  vehicle  designs  will  be  driven  to  a large 
degree  by  the  assembly  facilities  and  technologies  seen  as  being  available  during  the  vehicle 
buildup  sequence.  It  should  be  noted  that  the  schedule  was  not  developed  specifically  for 
an  NEP  vehicle.  Advances  derived  from  this  development  process  along  with  flight 
experience  in  earlier  missions  leading  up  to  this  evolutionary  scenario  could  possibly 
accelerate  the  development  plan  considerably. 

Cryogenic  Fluid  Management 

The  level  of  concern  for  technology  development  in  the  areas  of  cryogenic  fluid 
management  and  storage  will  not  be  as  for  electric  propulsion  vehicles  as  for  the  high  thrust 
systems,  although  many  of  the  areas  still  remain  important  for  the  NEP  vehicle.  The  Argon 
(or  Zenon)  propellant  utilized  for  the  electric  propulsion  system  will  be  in  a cryogenic  liquid 
state,  and  will  require  long  term  storage  and  management  technology  levels  similar  to  those 
for  liquid  oxygen  storage  for  the  chemical  vehicles.  Cryogenic  storage  issues  relating  to 
ECLSS  fluids  and  lander/ascent  vehicle  propellants  will  remain  as  well.  A preliminary 
technology  schedule  is  presented  for  cryogenic  fluid  system  development  for  Mars  mission 
applications.  The  cryogenic  fluid  systems  schedule  includes  Earth-based  thermal  control 
and  selected  component  fluid  management  (tank  pressure  control,  liquid  acquisition  device 
effectiveness,  etc.)  tests,  as  well  as  planned  flight  experiments  to  carry  out  system  and 
subsystem  development  (selected  components)  and  verification/validation  tests.  Many  of 
the  technology  issues  will  be  answered  during  the  technology/advanced  development  work 
to  be  carried  out  for  a Lunar  program.  The  major  technology  obstacles  to  be  overcome  by 
an  NEP  storage  system  are  in  the  areas  of  high  reliability  long  term  thermal  control  systems 
(particularly  for  the  lander/ascent  tanks),  and  orbital/flight  operations  (fluid  transfer, 
acquisition,  etc.). 


Summary 

As  noted  before,  some  of  the  identified  critical  and  high  leverage  technology 
development  issues  are  common  across  all  of  the  major  vehicle  options.  Common  critical 
technology  issues  include  low-g  human  factors,  autonomous  system  health  monitoring, 
long  term  cryogenic  storage  and  management  (H2,  and  possibly  02  for  ECLSS),  long 
duration  ECLSS,  radiation  shelter  material  and  configuration,  and  in-space  assembly. 
Unique  NEP  technology  issues  center  around  nuclear  power  systems  and  electric 
thruster/PPU  development.  Common  enhancing  technologies  include  cryogenic 
refrigeration  (lander  tanks),  02-H2  RCS,  advanced  in- space  assembly  techniques,  higher 
Isp  cryogenic  engines,  and  advanced  structural  materials  development 
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Lab  breadboard  upgrades 
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Conclusions 


Conclusions  of  the  specific  Level  II  trades  were  presented  in  the  summary  and 
with  each  trade  description.  The  Level  II  trades,  taken  as  a whole,  illuminated 
sensitivities  and  leverages  of  systems  and  technologies.  They  provide  the 
knowledge  base  as  to  how  systems  and  technologies  perform  and  how  they  can  be 
integrated  into  mission  systems.  These  trades,  together  with  the  vehicle  concepts 
described  in  the  other  volumes  of  this  document,  are  the  basis  for  in-space 
transportation  architecture  synthesis. 

A significant  result  of  the  study  is  that  selection  of  a preferred  mission 
architecture  depends  on  overall  mission  objectives  and  activity  level.  More 
ambitious  programs  justify  greater  investment  in  technology  advancement  and  in 
development  of  advanced  systems.  Because  mission  objectives  and  activity  level 
have  not  yet  been  decided,  and  because  of  uncerteinties  in  costs  and  performance 
of  many  of  the  technologies,  final  architecture  selections  cannot  be  made  now.  A 
program  strategy  for  technology  advancement  and  initial  development  is  needed. 

Top-level  recommendations  for  SEI  program  strategy  were  developed.  These 
recognize  that  lunar  and  Mars  exploration  will  start  with  modest  objectives  and 
evolve  as  a result  of  early  mission  achievements  and  scientific  findings.  An 
ambitious  lunar  program  could  significantly  defer  human  Mars  missions  imder 
likely  funding  constraints.  Similarly,  an  ambitious  Mars  program  could  limit 
lunar  activities  to  high-priority  scientific  objectives. 

Our  recommended  SEI  program  strategy  is  evolutionary,  allows  changes  in 
emphasis,  and  keeps  options  open.  This  strategy  is  expressed  as  architecture-level 
technology  and  program  recommendations: 

(1)  Begin  the  manned  lunar  program  with  a tandem-direct  expendable  system. 

(2)  Invest  in  cryogenic  storage  and  management  technology  and  in  a 30K -class 
advanced  expander  cryogenic  engine  with  10:1  or  better  throttling  capability. 
These  activities  are  candidates  for  advanced  development. 

(3)  Baseline  nuclear  thermal  rocket  propulsion  for  Mars.  Initiate  a technology 
advancement  program  with  emphasis  on  (a)  high-performance  fuels  and  (b)  full- 
containment  ground  test  facilities. 

(4)  Accelerate  aerobraking  technology  for  Mars  aerocapture  as  a backup  to  the 
nuclear  rocket,  targeting  a decision  between  the  two  in  the  1996-2000  time 
frame. 
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(5)  Perform  aerobrake  tests  on  the  LTV  booster,  to  put  the  technology  on  the 
shelf  for  Mars  application. 

(6)  Designate  solar-electric  propulsion  (SEP)  as  a "dark  horse"  for  Mars 
transportation,  and  conduct  a technology  advancement  effort  aimed  at  removing 
the  barriers  to  a high-performance,  economic  SEP  system. 

(7)  Continue  the  present  emphasis  of  the  nuclear  space  power  program  on  near- 
term  systems  applicable  to  planet  surface  power,  but  augment  with  (a)  further 
studies  to  better  understand  the  probable  cost  of  nuclear  power  systems  suitable 
for  electric  propulsion,  and  (b)  modest  funding  of  high-leverage  high- 
performance  power  conversion  technology. 

Additional  information  on  these  recommendations  may  be  found  in  the  final 
technical  report  for  the  study. 
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Oxygen  Delivery  Mission  Description 
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Comparison  of  Propulsion  Options 
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Conjunction  vs.  Opposition  Mars  Profiles 
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• Elliptic  parking  orbits  can  be  optimized. 
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Mars  Program  Comparisons 
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Mars  program  scenarios 

This  document  describes  the  strategy,  scenario,  and  some 
assumptions  for  each  of  three  Mars  program  architectures.  These 
scenarios  were  used  to  develop  mission  manifests  which  Madison 
Research  will  as  inputs  to  their  program  cost  models.  Several 
questions  remain.  Can  the  specified  number  of  MEV  flights  in  each 
case  really  provide  all  the  equipment  needed  to  support  the  specified 
crew  for  the  stated  duration?  What  is  the  cargo  of  the  MEV’s  whose 
cargoes  are  currently  listed  as  “stuff’?  Despite  these  questions, 
enough  detail  is  present  to  see  the  broad  outlines  of  the  programs, 
and  thus  to  estimate  their  relative  cost. 

A general  assumption  has  been  that  the  basic  MEV  can  carry  six  crew 
to  the  surface,  but  that  it  cannot  support  more  than  four  for 
protracted  periods,  e.g.  30  days. 


Minimum  science — program 

The  strategy  of  this  program  is  to  visit  diverse  Martian  surface  sites 
for  brief  human  exploration,  augmented  by  telerobotic 
reconnaissance.  The  program  has  three  missions,  identical  but  for 
the  sites  visited  by  each.  A mission  departs  at  every  other 
conjunction  opportunity,  with  the  first  departure  in  2015.  The 
propulsion  technology  is  cryogenic  all  propulsive  (CAP),  and  100%  of 
the  hardware  is  expended  in  each  mission. 

The  crew  size  is  six  per  mission.  All  crew  members  visit  the  Martian 
surface,  some  perhaps  twice:  three  or  four  crew  shortly  after  arrival 
in  Mars  orbit,  and  three  or  four  shortly  before  departure  for  Earth. 
The  first  surface  crew  stays  30  days,  during  which  the  crew  explores 
locally  using  an  unpressurized  rover(s).  After  their  return  to  orbit, 
the  rover(s)  telerobotically  explores  over  a greater  range,  gathering 
samples.  The  second  surface  crew  arrives  in  the  most  interesting 
area  discovered  by  the  rover(s).  They  conduct  detailed  local 
examinations  and  select  the  most  valuable  samples  gathered  by  the 
rover(s)  for  return  to  Earth. 

(Note  that  the  above  plan  is  not  the  absolute  minimum.  The  cost  of 
the  mission  could  be  reduced  by  using  only  one  MEV.  For  maximum 
science  return,  the  landing  should  still  follow  unmanned  - preferably 
telerobotic  - reconnaissance  to  select  the  best  site.  This  can  be 
accomplished  by  sending  a teleoperated  rover  in  a small  landing 
vehicle,  followed  a year  later  by  an  MEV.  The  choice  is  whether  to 
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send  all  six  crew,  which  may  shorten  the  surface  stay  or  call  for  a 
bigger  (and  more  expensive)  MEV,  or  to  send  only  pan  of  the  crew, 
which  could  be  bad  for  morale.  The  two-MEV  scheme  was  chosen  to 
avoid  this  dilemma  and  to  provide  redundancy.) 

Enll  Science  Scenario 

The  full  science  program  strategy  is  to  establish  long-term  bases  for 

far-ranging  surface  exploration.  The  program  has  six  missions  before 

Tnxm  AJ  f°llo*i°nJuncaon  trajectories,  all  use  NTR  propulsion  (Isp 
1050),  and  the  MTV  is  reused. 

Mission  1 

The  first  mission  departs  in  2009  with  a crew  of  six.  Its  surface 
itinerary  is  like  a mission  from  the  minimum  science  program:  an 
early  visit  leaves  a telerobotic  rover  for  broad  reconnaissance,  and  a 
second  visit  lands  at  the  most  interesting  site.  The  site  for  the 
second  visit  is  selected  for  its  suitability  as  a base  location  The 
second  visit  surveys  the  site,  plants  beacons,  etc.,  and  selects  samples 
rrom  the  rover  for  return  to  Earth. 

Mission  2 

The  second  mission  departs  in  2013  with  six  crew,  reusing  the  MTV 
from  the  first  mission.  It  has  three  MEVs:  one  to  deliver  a hab 
module  for  six  people,  one  to  deliver  power  systems  and 
consumables  for  the  hab,.  and  one  to  deliver  the  six  crew  and  a 
pressurized  scientific  rover.  The  crew  stays  on  the  surface  for  about 

a year,  deploying  and  outfitting ' the  habitat,  then  exploring  in  the 
rover. 

Mission  3 

The  third  mission  depans  in  2015  with  six  crew,  using  an  all-new 
MTV  (the  first  MTV  is  still  at  Mars).  The  three  MEV's  cany  an 
additional  hab/lab  module,  consumables,  a crane  to  unload  modules 
from  the  landers,  scientific  equipment,  and  the  crew.  The  crew  stays 
down  one  year  installing  the  new  module,  moving  the  old  module 
from  its  MEV  to  the  surface,  mating  the  two  modules,  and  exploring. 

Mission  4 

The  fourth  mission  departs  in  2019.  It  uses  the  original  MTV,  but 
has  a new  habitat  for  its  twelve  crew.  One  of  its  three  MEV’s’  carries 
a CELSS  module  to  make  the  base  more  self-sufficient.  Another  MEV 
carries  6 crew  and  a new  pressurized  rover.  The  third  MEV  carries 
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six  more  crew,  consumables,  and  ISRU  equipment.  The  crew  install 
and  operate  the  new  module  and  equipment,  as  well  as  continue 
exploration  and  science. 

Mission  5 

Mission  five  departs  in  2021.  It  uses  the  second  MTV  with  a new 
hab  for  twelve  crew.  This  mission  has  two  regular  MEV's  and  two 
mini-MEV's.  The  minis  make  two  visits  to  the  region  of  a second 
possible  base.  The  first  mini  explores  locally  and  leaves  a telerobotic 
rover;  the  second  visits  the  best  site  found  and  surveys  it  for  a new 
base.  The  mini-MEV  visits  and  the  MEV  surface  stays  can  be  timed 
to  give  each  crew  member  a visit  to  both  regions  of  the  planet. 

(This  mission  plan  is  questionable.  Only  mission  5 uses  a mini-MEV; 
perhaps  the  mass  savings  do  not  justify  development  of  this  new 
piece  of  hardware  for  so  limited  a role.) 

Mission  6 

The  sixth  mission  departs  in  2023.  It  uses  the  first  MTV  with  a new 
reactor  (each  reactor  is  good  for  three  missions).  There  are  twelve 
crew  and  four  full  size  MEV's.  Six  crew  and  one  MEV  visit  the 
original  base,  performing  maintenance  and  continuing  the  regional 
exploration.  The  other  six  crew  and  the  three  other  MEV's  land  at 
the  new  base  site,  essentially  repeating  mission  2 to  establish  a base 
at  the  new  location  and  begin  exploration. 

Settlement — Scenario 

• 

The  settlement  program  strategy  is  to  quickly  establish  the 
infrastructure  needed  to  economically  support  large  numbers  of 
people  on  Mars.  Science  is  supported  as  a secondary  objective.  The 
program  includes  seven  missions  before  2020,  all  using  conjunction 
trajectories.  The  first  two  missions  use  expendable  CAP  technology, 
but  all  subsequent  missions  use  NEP  (Isp  of  10,000  was  assumed). 
Reusable  MEVs  (RMEV)  are  used  beginning  with  the  fifth  mission. 

Mission  1 

The  first  mission  departs  in  2007.  It  carries  a crew  of  six  and  two 
MEV's.  The  first  MEV  lands  for  30  days  with  3 or  4 crew  and  an 
unpressurized  rover.  The  rover  telerobotically  explores  the  area 
after  the  MEV  ascends.  The  second  MEV  lands  later  in  the  most 
promising  base  site  uncovered  by  the  rover.  The  second  surface 
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crew  surveys  the  site,  sets  beacons,  and  collects  samples  from  the 
rover. 

Mission  2 


The  second  mission  departs  in  2009  with  six  crew  and  three  MEV’s 
One  MEV  carries  a 6-person  habitat.  One  carries  a nuclear  power 
plant,  some  consumables,  and  ISRU  experiments.  The  third  carries 
the  crew  and  a pressurized  bulldozer/backhoe  that  can  serve  as  a 50 

Tu  CrCW  installs  the  P°wer  P^nt  (essential  for  frequent 

use  of  the  bulldozer)  and  habitat,  then  begin' civil  engineering 

experiments  and  site  preparation  for  later  missions.  They  also  carry 
out  some  exploration  and  science,  time  permitting.  The  crew  stays 
on  the  surface  for  a year. 

Mission  3 


“ *r“,?epa^  in  201  }■  The  NEP  vehicle  carries  twelve  crew 
and  four  MEV  s.  Cargo  delivered  includes  a constructible  habitat, 
construction  equipment,  consumables,  and  a 1000  km  rover  The 
rover  can  serve  as  a habitat  for  part  of  the  crew  until  the 

constructible  habitat  is  ready  for  occupants.  The  crew  stays  on  the 
surface  for  over  a year. 

Mission  4 


The  fourth  mission  departs  in  2013,  delivering  twelve  crew  and  four 
MEV’s  aboard  a second  NEP  vehicle  (the  first  is  still  at  Mars  when 
mission  four  departs).  This  mission  delivers  a CELSS  system, 
consumables  and  spares,  and  lots  of  ISRU  equipment.  The  ISRU 
emphasis  is  on  atmosphere  distillation  for  nitrogen  and  water,  on 
atmosphere  cracking  for  oxygen  and  fuels,  and  on  structural  * 
materials.  The  crew  stays  for  over  a year. 

Mission  5 

Mission  five  departs  in  2015  with  eighteen  crew,  three  MEVs,  and 
one  RMEV.  It  delivers  additional  CELSS  equipment,  ISRU  equipment, 
and  an  RMEV  servicer.  The  crew  installs  the  new  equipment,  refuels 
and  reflies  the  RMEV,  and  leaves  twelve  people  to  stay  on  Mars  until 
the  next  mission.  The  RMEV  will  have  several  flights  left  in  its 
service  life,  it  can  be  used  as  a rescue  vehicle  for  long-range  rover 
missions. 
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Mission  6 

The  first  truly  large  cargo  delivery,  mission  six  delivers  eighteen 
crew  and  two  RMEV’s.  The  RMEV’s  get  five  flights  each,  so  the 
mission  delivers  250  tons  of  cargo  (currently  not  well  specified)  to 
the  surface.  The  twelve  crew  left  from  the  previous  mission  return 
to  Earth,  and  a new  set  of  twelve  stay  over  until  the  next  mission. 

Mission  7 

Mission  seven  is  the  first  "steady  state"  mission,  requiring  no  new 
equipment  for  the  MTV  besides  the  usual  replacement  of  thrusters, 
propellant,  and  consumables.  The  mission  requires  only  seven  HLLV 
launches  of  hardware.  It  delivers  250  tons  and  eighteen  crew  to 
Mars,  expends  two  RMEV’s,  and  returns  twelve  people  to  Earth  (only 
six,  perhaps  less,  are  needed  to  safely  operate  the  MTV).  Replacing  a 
reactor  on  every  third  flight,  this  pattern  can  be  maintained 
indefinitely,  settling  Mars  at  a rate  of  six  to  twelve  more  people 
every  two  years. 

(The  tremendous  cargo  capacity  of  the  last  two  missions  suggests 
that  the  scenario  should  be  replanned  for  earlier  use  of  RMEV's  and 
in  situ  propellant.  This  could  greatly  accelerate  the  arrival  of  large 
numbers  of  crew  and  equipment.) 
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Program  Scales  For  Transportation 
Architecture  Analysis 
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Representative  Lunar  Base  Applications 
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Note:  These  numbers  indicate  the  year  each  mission  was  launched  from  Earth  beginning  in  2000.  I his  numbering  scheme  remains 
constant  for  the  return  trip  and  stay  times. 
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I LTVCM,  I and  LEV  (Cargo  year  on  LS 

LEV,  1 LEVCM  components)  in  STS 
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• Additional  crew  flights  are  not  required  to  remain  for  long  durations  on  die  lunar 
surface,  lliese  missions  may  be  "visitations"  for  scientific  purposes. 


Mass  Required  On  the  Lunar  Surface 
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Cargo  Delivery  Requirements  - Large  Scale 
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Requires  54  tandem  LTV  cargo  flights 
May  use  additional  LLOX  cargo  flights 
(these  have  not  been  manifested) 
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Note:  These  numbers  indicate  the  year  each  mission  was  launched  from  Earth  beginning  in  2(KX).  This  numbering  scheme 
constant  for  the  return  trip  and  stay  times. 


Crew  Rotation  - Large  Scale 


1101 


Note:  These  numbers  indicate  the  year  each  mission  was  launched  from  Earth  beginning  in  2000.  This  numbering  scheme  remains 
constant  for  the  return  trip  and  stay  limes. 
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Lunar  Manifest  Worksheet  - Large  Scale 
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•(STCAEM/lls/28Aug90 


Dir/exp  Brake,  Landing  Legs,  (reuse  Brake 

Legs  and  1 LTV) 


Lunar  Modes  Performance 

Crew  Mission,  1 Ton  Returned 
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Notes:  • Crew  size  of  6 • Isp  of  475  seconds 

• LEV  crew  module  of  4.847  tons  • LTV  crew  module  of  8.91 1 tons 

• 1 ton  of  additional  consumables 


Lunar  Modes  Performance 

Cargo  Delivery  Mission 
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2009  Crew  LTVT  10 1 2-LTV,  1 -Brake,  1-LTV,  l-mod.  2081  261  1 3 2 1ILLV  4 Crew,  40 

Dir/fo  1-niod.  ACRV,  ACRV,  Landing  days  on  LS 

Service  Module  Legs,  Service 

Module,  replacable 
power  supply 
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